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Abstract 
Microscopic simulation models that determine the movements of individual 
vehicles travelling on road networks and representing details of every entity and the 
relationships between them within traffic streams, are increasingly important to the 
analysis of a variety of complex and dynamic traffic problems. Although 
microscopic simulation has been used widely for purposes such as road traffic 
management and the implementation of control systems, its potential for assessing 
Managed Motorway Systems impact on traffic safety has been largely neglected. 
Each microscopic model consists of three behavioural sub-models, Car Following 
(CF); Lane Changing (LC); and Gap Acceptance (GA). These sub-models determine 
the movement of each subject within the simulation model. As each sub-model has 
different influencing parameters, it is necessary to improve them to ensure they 
emulate more realistic traffic measures. This research will target CF models, 
considering only motorways simulation models.  
Existing microscopic simulation models are currently inadequate in evaluating 
managed motorway systems (MMS) such as Variable Speed Limits, to study their 
traffic safety impact. The final aim of this study is to establish a new CF model 
where traffic analysts can be confident in using microscopic simulation models to 
appraise the impact of different traffic scenarios in terms of their safety improvement 
impact. On the other hand, current microscopic models are unable to mimic unsafe 
driver behaviour, as they are based on presumptions of safe driver behaviour. This 
fact highlights the need for a critical examination of the current microscopic models 
to determine which components and parameters have an effect on safety indicator 
reproduction.  
This research investigates the mainstream car following models’ capabilities of 
emulating precise driver behaviour parameters, such as headways and TTCs. It firstly 
indicates which of the existing models is more robust in safety metrics reproduction. 
Secondly, the study conducts a series of sensitivity tests to further explore the 
behaviour of each one of the models. Consequently, modified structures for each of 
the existing car-following models are proposed, to enable them to simulate more 
realistic vehicle movements, particularly headways and Time to Collision, below a 
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certain critical threshold. In particular, a robust car following model called Safety 
Adapted Car Following model (SACF) has been developed, that includes human 
psycho-physical aspects in the model. This study uses real vehicle trajectory data to 
evaluate the model’s performance to assess critical safety events within observed and 
simulated traffic flow. The simulation tests outcomes indicate that the proposed 
modified models produce better frequency of critical Time to Collision than the 
generic models, while the improvement on the headway was not significant. Overall, 
the modified CF model’s performances were not satisfactory, indicating a necessity 
to specifically establish a new CF model for this research’s main objectives. 
As the modified models were not sufficiently robust to be used for accurate 
reproduction of the safety indicators and to assess the MMS, a new car following 
model, called the Space Based Model (SBM), based on the personal space concept 
and fish school models, is proposed. It simulates more precise traffic metrics 
compared to the existing car following models. The new model is capable of 
reflecting the headway distribution shift after imposing the speed limit from Variable 
Speed Limit (VSL) systems. The proposed model can also emulate different traffic 
states and can be easily calibrated. The proposed CF model in this research facilitates 
assessing and predicting Intelligent Transportation Systems (Uno et al.) on 
motorways, using microscopic simulation. Overall, the major outcome of this 
research is a more realistic microscopic traffic simulation model that will be effective 
in traffic safety studies and particularly for MMS assessment studies. 
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 16 Chapter 1: Introduction 
This chapter presents the background (section 1.1) and context (section 1.2) of 
this study and its purposes (section 1.3). Section 1.4 illustrates the significance and 
scope of this research. Lastly, section 1.5 includes an outline of the remaining 
chapters of the thesis. 
1.1 BACKGROUND 
The World Health Organization (2010) estimates, annually, that more than one 
million people are killed and more than 20 million are severely injured on roads 
across the world. Accordingly, traffic safety is still a challenging concern for both 
transportation and health authorities.  
Since the development of automobiles, a lot of effort has been put into 
understanding traffic phenomena. However, the traditional analytical methods are 
unable to describe these dynamic and complex phenomena, and consequently are 
unable to help transport and traffic decision makers to evaluate and choose between 
alternatives. Simulation modelling is therefore increasingly important to the analysis 
of complex and dynamic traffic problems. Simulation models are designed to mimic 
the behaviour of such systems (Liberman & Rathi, 1997). These techniques trace 
traffic movements through space and time (Leutzbach & Wiedemann, 1986). Traffic 
simulation models, according to the level of detail that they can provide, are divided 
into three types: micro; meso; and macroscopic simulation models. Microscopic 
simulation models explain in detail every entity and interaction between them within 
traffic streams (Liberman & Rathi, 1997), mesoscopic models simulate individual 
vehicles with aggregate behaviour while macroscopic simulation models are 
concerned with traffic streams (Arnaud Doniec et al., 2008).  
Although the driving task is one of the often used skills for millions of people, 
we still understand little of that (Rothery, 1997). Traffic simulation tools are based 
on a variety of microscopic traffic behaviour; namely, car following and lane 
changing (Sakda Panwai & Hussein Dia, 2005). Car following (CF) is a fundamental 
component for all microscopic simulation models and describes the individual 
movement of each vehicle within a platoon (P. Hidas, 1998). In fact, CF has been 
formulated to handle microscopic simulation (Burnham & Bekey, 1976). 
On the other hand, “Managed Motorways” are defined as “the urban 
motorways that have intelligent information, communication and control systems 
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incorporated in and alongside the road” (Infrastructure Australia, 2011). The merits 
of these intelligent systems are that they are able to control and harmonize the traffic 
throughput entering or already flowing on the motorway to improve performance and 
safety. Some of these intelligent systems are widely used in many motorways. For 
instance, the Australian Managed Motorways’ plan includes the implementation of 
an incorporated package of “coordinated on-ramp signalling, variable speed limits, 
lane control, incident detection and data loops, travel information and closed circuit 
television surveillance” (Infrastructure Australia, 2011). Evaluating these systems for 
the improvement in traffic efficiency and performance is relatively straightforward 
and incorporates  defined measures using microscopic simulation models. For 
example, by measuring average metrics, such as mean traffic speed, average total 
delay or traffic density along the motorways, the improvement in the motorway 
capacity and performance can be evaluated. However, for safety evaluation of the 
managed motorway systems (MMS), there is not any evidence that the existing 
microscopic simulation models are reliable to evaluate the safety effect of these 
systems. What is known is that the accuracy of simulation models currently is not 
sufficient for measuring safety metrics.  
Despite the fact that there are large number of MMS, such as Variable Speed 
Limit (VSL) or ramp metering in motorways across the globe, there is little support 
showing the safety effects of these systems (Hellinga & Mandelzys, 2011). Existing 
microscopic models are incapable of reflecting the safety effect of ITS applications 
such as VSL in some important safety-related indicators, such as headway 
distribution and frequency of short time to collisions (TTC). Studies have been 
undertaken to show the impact of VSL on safety (Abdel-Aty et al., 2008; Abdel-Aty 
et al., 2006; C. Lee, Hellinga, & Ozbay, 2006; C. Lee, Hellinga, & Saccomanno, 
2006). However, a few of those studies questioned if the CF models, embedded in 
their simulation model platform, are reliable and capable of reflecting impact of the 
VSL on driver headway as in real life. Simulation tools are currently unable to reflect 
the impact of managed freeway systems on reproduced safety indicators, such as 
headways and TTC from a microscopic simulation model. 
The potential of using microscopic simulation to assess safety-related 
parameters has been identified by different studies (Archer & Kosonen, 2000; 
Barceló et al., 2003; Bonsall et al., 2005). Although there has been little progress in 
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implementing the use of these models to study traffic safety in general, some work 
has been done using microscopic simulation to study safety at intersections. Archer 
(2005) used microscopic simulation within signalised   and un-signalised   urban 
intersections, calculating safety indicators based on the concept of “conflicts”. He 
compares these indicators in both simulated and observed situations. Unrealistic 
microscopic behavioural sub-models of car-following, lane changing, and gap 
acceptance are the main concern for safety measurement. These models need to 
reflect human behaviour more realistically. Surrogate Safety Assessment Model 
(SSAM) (D. Gettman & Head, 2003) software has also been developed to derive 
surrogate safety measures from traffic facilities’ simulation models. Gettman et al. 
(2008) observed questionable behaviour in some of the existing microscopic 
simulation models in the market and acknowledged the necessity for driver 
behaviour modelling improvements, also emphasising a need to study real-world 
critical safety events. 
 
1.2 CONTEXT 
Although simulation modelling has great potential to predict and represent the 
safety measures of real traffic, Archer (2005) points out that this has largely been 
neglected in research projects. There are many advantages in using simulation 
modelling to predict the safety level of a specific traffic facility.  
“Microscopic traffic simulation has the potential to provide a safe and flexible 
test environment for the estimation of traffic safety and performance effects brought 
about by new and alternative designs and other safety influencing factors that are 
related to the roadway, road-users and vehicles” (Archer, 2005, p. IX).  
Archer accurately argues that using microscopic simulation for safety 
modelling is a “proactive” approach and more ethical, accessible, and cost effective 
than traditional statistical models that use accident histories to predict current safety 
conditions. Accordingly, traditional statistical models are actually “reactive”.  
One of the key questions in this research concerns how much the previous 
microscopic models were successful in terms of the accuracy of safety influencing 
factors. Brackstone et al. (2002) reveal that real headway is much lower than 
believed and Hidas (1998) shows that drivers follow far more closely than what 
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would be considered a “safe distance”, which is a departure point for one of the main 
types of CF modelling. There are different types of following manoeuvres within the 
CF phenomenon, such as “steady state following, closing, prior to overtaking, and 
braking”, as well as a number of variables that also have an effect on CF behaviour 
(R. G. Fuller, 1980). 
This research intends to critically review existing microscopic behavioural sub-
models, particularly the car following model, and highlight their strengths and 
weaknesses for different traffic applications. As it is critical to accurately estimate 
the individual vehicle’s speed, headway, and acceleration to predict traffic conflicts, 
the research will have a special focus on the application of microscopic simulation 
for traffic safety studies. This study will consider only motorways for comparing 
existing microscopic behavioural sub-models models. It will evaluate the 
performance of the CF models against real life traffic data collected on Brisbane and 
USA motorways.  
It is anticipated that the major outcome and therefore contribution of this 
research will be a more realistic microscopic traffic simulation, a CF model in 
particular that will be effective for use in evaluating MMS impact on traffic safety. 
As traffic safety studies require greater accuracy, the new CF model developed from 
this research will in turn enhance other traffic operational studies as only aggregated 
metrics are needed, i.e., less demand on the performance of the CF model. 
This study will produce a generic CF to be able to perform in every traffic 
situation, but will focus on the “motorways” to come up with the outcomes from the 
models’ comparison phase. At the same time, VSL in particular will be investigated 
among other MMS. 
In summary, the main difficulty in this project will be, “How can microscopic 
simulation models be improved for use in traffic safety studies particularly to 
evaluate the safety impact of the managed motorways systems implications?” To 
answer this query, other key questions will need to be addressed: 
• What are the components (sub-models) of current microscopic simulation 
models that can affect safety measures? 
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• What parameters determine driver conflict risk within each sub-model of the 
microscopic simulation models (car following is the first target in this 
research)?  
• What is the effect of MMS, particularly VSL, on the observed safety metrics 
of vehicles? And how we can find out such effects on the real driving 
behaviour? 
• What traffic indicators can describe traffic safety status in motorways?  
• How should safety indicators in real traffic and in simulation models be 
measured? 
• Which current microscopic simulation models with different approaches are 
able to provide more realistic safety measures? 
• How could microscopic models benefit from a comparison between available 
models in order to better represent safety measures? 
• How can the impact of MMS, such as VSL, be reflected in simulation 
models? Are any of the current microscopic simulation models able to reflect 
these impacts into reproduction of their safety measures? 
1.3 PURPOSES 
The ultimate purpose of this research is to propose a new and improved CF 
model, which is sensitive to the implication of MMS such as VSL, in the 
microscopic simulation models context. Meanwhile, the proposed CF model needs to 
be more robust than the existing CF models in reproduction of the safety metrics, in a 
way that gives the traffic analyser confidence to be able to rely on the microscopic 
simulation models for safety evaluation of MMS. The other main goal of this study is 
to examine existing microscopic simulation models from a safety perspective and 
strengthen their ability to be used in safety evaluation studies. As has been discussed, 
the main target area in this research is traffic flow on motorways and evaluation of 
safety effects of MMS.  
There is a current scientific gap in the effective utilisation of microscopic 
simulation for safety studies. This study intends to establish a new CF model where 
traffic analysts can be confident to use microscopic simulation models to evaluate the 
impact of different traffic scenarios in terms of their safety improvement impact. The 
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new CF model should be able to predict safety indicators, including short headways 
and TTCs, better than existing models. The following objectives are set to achieve 
the major aims of this PhD: 
• Illustrating the general structure of existing microscopic simulation models.   
• Clarifying the parameters and rules that govern any of the microscopic sub-
models (particularly the CF model). 
• Exploring real data from motorways in Brisbane and other parts of world to 
obtain inspiration for creating a more realistic model. 
• Assessing the safety effect of MMS using current microscopic simulation 
models. 
• Exploring the reliable safety indicators as platforms to measure each model’s 
success. 
• Sensitivity testing of the models’ influencing parameters on the behavioural 
sub-models.  
• Selecting some of the most successful microscopic models to compare the 
existing mainstream CF models for their robustness in safety studies. 
• Proposing possible modifications for the chosen existing CF models, either in 
the structure or parameters calibration. 
• Outlining possible improvement and modifications in microscopic models 
according to the outcomes, derived from comparison and sensitivity test steps 
using real data. 
• Proposing a new CF model which is more robust to evaluate safety effects of 
MMS. 
• Performing further tests on the proposed new CF model for evaluation and 
validation purposes. 
 
1.4 SIGNIFICANCE AND SCOPE  
Every year, transportation authorities make decisions on billion dollar budget 
projects to improve transportation users’ travel efficiency and safety. Traffic 
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simulation models give transport engineers and planners a great tool to proactively 
evaluate different traffic scenarios, without any noticeable cost. The engineers do not 
need to implement a very costly traffic plan to be able to conduct a before-after 
statistical study. Traffic simulation models allow transportation experts to model 
traffic facilities and different traffic strategies, and also to investigate the impact of 
any intervention on the traffic facilities performances. Road and traffic projects 
justification studies will be possible using a robust microscopic simulation modelling 
tool. Especially for justification and evaluation of MMS that are relatively costly 
projects, it is necessary to have a reliable estimation of acquired benefits from the 
microscopic simulation models.  
Traffic simulation models as powerful tools need to be validated against real 
data. To date the existing microscopic simulation models have been able to show a 
high level of robustness for the efficiency measures, such as average flow speed, 
average density, and average delay time. However the simulation models’ 
performances are still far from being reliable for reproduction of more precise 
measures that are significantly important for evaluating traffic safety, such as short 
headways or speed differences between individual vehicles or TTC. Therefore, there 
is currently no tool that is able to accurately evaluate the safety benefits of VSL or 
any other MMS. 
Microscopic simulation has been used widely for traffic performance 
measurement, but its use for safety analysis has been largely neglected. Although in 
recent years some research has been undertaken in this direction, there is a 
significant scientific gap that could enable microscopic simulation models to be used 
effectively in traffic safety studies. Using microscopic simulation to study safety is 
more ethical and more accessible than traditional methods that use historical accident 
data. This research will enrich current microscopic simulation models through the 
acquisition of more realistic safety metrics. Evaluating the safety impact of any 
traffic control management or any ITS application would be possible using a more 
accurate microscopic simulation model. It will help to give priority to the locations 
which have a higher incidence of risk. Finally the outcome of this research helps to 
make any before-after study possible without applying the real changes in the field. 
To push this research toward its goals, the scope of this study needed to be 
narrowed. Traffic simulation has different levels namely, macro, meso and 
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microscopic. This research looks at microscopic simulation models. Each 
microscopic model includes a different behavioural model such as car following, 
lane changing and gap acceptance. The car following model is the main model to be 
investigated in this study. Furthermore, there are different types of road namely, local 
streets, arterials, rural roads and motorways. This research investigates motorway 
traffic flow. The applicability of microscopic simulation models for evaluation of 
MMS is investigated; however, the study focuses on safety evaluation of VSL. 
Additionally, the types of vehicles including passenger cars, trucks, or buses are not 
specifically investigated. In most of the experiments in this research, passenger cars 
are the typical simulation objects. 
 
1.4.1 Research Methods 
Easterbrook et al. (2008) state that the selection of research methods depends 
on many possibilities, such as the available resources, access to subjects, opportunity 
to control the variable of interest, and the skill of the researcher. Based on the 
available resources and the research objectives, a variety of methods and techniques 
are used. The first stage of the study defines the terms that are vital to this research. 
Defining these terms provides a clearer understanding of the car following models 
and their measurable terms. This research conducts a series of studies over time, 
where each is designed to investigate more features of the CF models theories. Data 
analysis techniques on motorways in Brisbane and the United States of America are 
conducted and a few local hypotheses have been developed. The hypotheses are 
tested using the controlled experiments method, wherein different variables are 
manipulated and the effects on the dependent variable are observed. The cause-effect 
relationship between variables is investigated. A comparison between existing car 
following models is conducted and simulation models in most of the research are 
used as the testing platform. By the end of the thesis, a model is developed that can 
predict the car following phenomena with better accuracy. Figure 1 illustrates the 
structure of this research and its design. 
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Figure 1: Research Plan: Literature Review (green), Testing Phase (purple), Analysis Phase (Blue & 
Adler), Model Improvement (orange) 
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each criterion could be measured are highlighted. Fourthly, the preliminary test, 
which assessed the ability of one widely-used microscopic simulation model in terms 
of safety perspective, is conducted. Finally, initial directions for possible 
improvements in microscopic models, in particular CF models, in terms of their 
accuracy to mimic driver unsafe conflicts are highlighted. 
Chapter three introduces human psychophysical perspectives to generic CF 
models. This chapter highlights the limitations of the Gipps CF model ability to 
emulate driver behaviour for safety study purposes. A safety adapted CF model 
based on the Gipps CF model is proposed to simulate unsafe vehicle movements, 
with safety indicators below critical thresholds. The modifications are based on the 
observations of driver behaviour in real data and also psychophysical notions. 
NGSIM vehicle trajectory data is used to evaluate the new model and short following 
headways and TTC are employed to assess critical safety events within traffic flow. 
After the chapter introduction, the following section explains the methodology of the 
research including; the used real data, the Gipps CF model structure and calibration 
process of the simulation models. The third section demonstrates the Gipps model 
performance and specifically analyses Headway and TTC reproduction. In the fourth 
section based on the observation of Gipps models’ results, modifications are 
proposed which lead to the development of the Safety Adapted CF model (SACF). 
The SACF model performance indicators are compared with the generic Gipps 
model. Additionally, the improvements of the safety indicators reproduction using 
the SACF are illustrated. Section 5 presents the summaries and conclusions, and 
highlights the robustness and the disadvantages of the proposed model. 
The complexity of the human perspectives in the SACF model in Chapter 3 led 
us to investigate the mainstream existing CF models in Chapter 4. In Chapter 4 
several CF models are used in various microscopic simulation models. Chapter 4 
compares the mainstream CF models’ capabilities of emulating precise driver 
behaviour parameters such as headways and TTCs. The comparison firstly illustrates 
which model is more robust in the metric reproduction. Secondly, the study 
conducted a series of sensitivity tests to further explore the behaviour of each model. 
Based on the outcome of this comparison and these tests and exploration of the 
models, a modified structure and parameters adjustment for each CF model is 
proposed to simulate more realistic vehicle movements, particularly headways and 
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TTC, below a certain critical threshold. NGSIM vehicle trajectory data again is used 
to evaluate the modified models’ performance to assess critical safety events within 
traffic flow. After the introduction section, the models are introduced in the next 
section of Chapter 4, while the third section compares models’ performance. The 
fourth section presents a series of sensitivity analyses to further explore the 
behaviour of each model. The fifth proposes modification for each model and the 
outcomes of the modified models are  assessed against each other. Conclusion and 
discussion completes the chapter. 
In Chapter 5 a new CF model, based on the personal space concept and fish 
school models is proposed. The proposed CF should be able to simulate more precise 
traffic metrics than the current CF models. The new model should also be capable of 
reflecting changes in the headway distribution after imposing the speed limit from 
VSL systems, as opposed to the existing simulation models. After introduction, the 
second section of the chapter introduces a general review of each CF model and then 
different CF models are compared to each other against real data to determine their 
strength and level of success in realistic reproduction of safety metrics, such as short 
headways and short TTCs. The third part proposes the new CF model called Space 
Based Model (SBM), based on a similar modelling of fish schools. The advantages 
of the new model will be presented. The application of the SBM will be examined in 
the fourth section to evaluate the safety impact of the VSL system. Finally, Chapter 6 
discusses the outcome and ultimate findings of the research.   
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As has been discussed in the previous chapter, Chapter two is presented in five 
main parts. The first part identifies the existing microscopic simulation structures, 
with a focus on their safety-related components. CF models in particular, are 
investigated. Secondly, MMS will be discussed. Thirdly, safety indicators that can 
measure safety in traffic flow and the way in which each criterion could be measured 
are highlighted. The validity of the indicators is then examined. Next, the preliminary 
test which assessed the ability of one widely-used microscopic simulation models, in 
terms of safety perspective, is conducted. Finally, directions for possible 
improvements in microscopic models and in particular CF models, in terms of their 
accuracy to mimic driver unsafe behaviour, are highlighted. Figure 2 illustrates this 
chapter’s outline. 
 
 
Figure 2: The outline of Chapter 2  
2.1 INTRODUCTION 
Traffic simulation modelling is increasingly important in analysing complex 
and dynamic traffic problems. The traditional analytical methods are unable to 
describe these dynamic and complex problems, and are consequently unable to help 
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provide, are divided into three parts: microscopic; mesoscopic; and macroscopic 
simulation models. Microscopic simulation models determine the movements of 
individual vehicles travelling on road networks.  They represent details of every 
entity and the relationship between them within traffic streams and are increasingly 
important in analysing a variety of dynamic traffic problems.  
Gettman et al. (2003) named a few  important driver behaviour models for 
safety as Parameterised GA Model, Parameterised LC, Parameterised CF, 
Parameterized Turning, Reaction to Yellow, Variable Driver Reaction Time, 
Intersection Box Movements, Variable Acceleration (and Deceleration) Rate, Sight-
Distance Limits, Rolling Yield, Vehicles Interact With Pedestrians, Friendly 
Merging, Multilane Merging Behaviour, Right-of-Way in Intersection, Recording 
Manoeuvre Failures, Parking Manoeuvres, Turn Signalling, U-Turns, and Origins 
and Destinations at the Intersection Corners. Route choice modelling is also an 
important behavioural sub-model in microscopic simulation that constitutes the 
traffic assignment methods and demand models. Despite all of these models, three of 
the major behavioural sub-models that are responsible for vehicle movement inside 
the network and the ultimate execution of vehicle movement in a microscopic level 
are CF; LC; and GA. Each of these three sub-models has different influencing 
parameters, which means it is necessary to modify and improve these parameters to 
ensure they emulate more realistic traffic measures.  
Traditional statistical models, however, use accident histories to predict current 
safety conditions. The statistical crash prediction models include several inaccuracies 
in predicting the crash probabilities.  Firstly, not all accidents are reported to police, 
particularly the property damage only (PDO) crashes. According to Queensland's 
road rules book (The Department of Transport and Main Roads, 2011), a crash that 
causes $2500 or more damage to property, should be immediately reported to the 
police. The second difficulty is that the crashes happen relatively rarely, and do not 
provide a large enough sample size. Thirdly, the complete situation of the accident 
also cannot be known (Svensson, 1998). The inability of the traditional statistical 
models therefore, demands an assessment tool to evaluate traffic facility safety with a 
dynamic nature. That is, waiting for an accident to evaluate the safety impact of a 
speed management plan or implement any ITS infrastructure on a motorway is not 
ideal and an appropriate safety assessment tool is currently unavailable. To date, 
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microscopic simulation models are adequately suitable for several other purposes, 
such as capacity analysis, traffic management scenarios, aggregated measures of 
traffic and many other applications however; they cannot sufficiently create realistic 
individual vehicle characteristics such as speed, headway and acceleration, for the 
safety analysis, the aim of this study. Classical models present vehicle dynamic 
modelling, and interactions between vehicles in kinematic laws, and assume that all 
drivers have safe behaviour. This lack of a deep understanding of human thinking in 
the driving process also restricts the accuracy of the models (Koskinen et al., 2009). 
The potential to use microscopic simulation, to assess safety related parameters 
has been identified by different studies (Archer & Kosonen, 2000; Barceló et al., 
2003; Bonsall et al., 2005), though there has been little progress in studying traffic 
safety in general. Some work has been undertaken with microscopic simulation to 
study safety at intersections. Archer (2005), in fact, uses microscopic simulation to 
calculate safety indicators based on the concept of “conflicts” at signalised   and un-
signalised   urban intersections. He compares these indicators in both simulated and 
observed situations. Other studies (Archer & Young, 2009; Cunto & Saccomanno, 
2008; Young & Archer, 2009) determined the safety impacts of specific traffic 
control plans using microscopic simulation models with some level of success. 
(Archer & Young, 2009; Cunto & Saccomanno, 2008; Young & Archer, 2009) used 
VISSIM, “Verkehr In Städten - SIMulationsmodell” (German for “Traffic in cities - 
simulation model”), to study safety in intersections using a calibration process to 
adapt their model to their safety needs. Young and Archer (2009) modify the additive 
and multiplicative terms in VISSIM  to emulate short headways in a modelled 
intersection approach while, Gettman et al. (2008) reports at the same time the 
inaccuracy of current microscopic simulation behavioural models.  
Further development of the microscopic simulation model is made by 
Brackstone et al. (2002), who identified that real headway is much lower than 
believed, and Hidas (1998) also shows that drivers follow far more closely than what 
would be considered a “safe distance”. “Safe distance” is a departure point for one of 
the main types of CF modelling. A key question is, how much the previous 
microscopic models were successful in terms of the accuracy of safety influencing 
factors? Therefore, it should be identified, how microscopic simulation models can 
be improved for traffic safety studies. 
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There is a current knowledge gap in terms of being able to effectively utilise 
microscopic simulation for safety studies. To address this gap, other key questions 
need to be address including: What are the components (sub-models) of current 
microscopic simulation models that can affect safety measures? What parameters 
determine simulated driver behaviour within each sub-model? What indicators 
describe traffic safety status on motorways? How should indicators be measured in 
real traffic and simulation models? This chapter presents a platform for investigating 
microscopic simulation abilities and limitations. 
 
2.2 MICROSCOPIC SIMULATION COMPONENTS ASSOCIATED WITH 
TRAFFIC SAFETY 
 
Microscopic simulations are designed to replicate real traffic movement. In 
most of the microscopic models, traffic performance measures in aggregate levels are 
the target objective. To design them, assumptions have to be made about the safe 
behaviour of drivers and as a result these may or may not imitate real situations. 
Gettman et al. (2003) indicated that the crash-free design of the general-
purpose microscopic models  also lack  a reasonable set of surrogate measures for 
traffic safety assessment of a particular traffic facility. This makes it difficult to use 
simulation model for safety assessment. They also questioned the level of resolution 
and realism of the sub-behavioural models. Gettman et al. (2003) named a few  
important driver behaviour models for safety as Parameterised GA Model, 
Parameterised LC, Parameterised CF, Parameterized Turning, Reaction to Yellow, 
Variable Driver Reaction Time, Intersection Box Movements, Variable Acceleration 
(and Deceleration) Rate, Sight-Distance Limits, Rolling Yield, Vehicles Interact 
With Pedestrians, Friendly Merging, Multilane Merging Behaviour, Right-of-Way in 
Intersection, Recording Manoeuvre Failures, Parking Manoeuvres, Turn Signalling, 
U-Turns, and Origins and Destinations at the Intersection Corners. 
Young et al. (1989) illustrated that most factors within microscopic simulations 
have effects on safety. Some safety metrics, namely speed, headway, accelerations, 
LC behaviour and drivers’ compliance with traffic regulation, are directly related to 
traffic safety and computed by the models. Microscopic sub-models, namely Car 
Following (CF), Gap Acceptance (GA) and Lane Changing (LC), govern the traffic 
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metrics reproductions. However, there are many unanswered questions associated 
with the use of these sub-models. These include uncertainties about what 
presumptions have been made, how the models work, what their input parameters are 
and which parameters have an effect on the safety-related indicators inside the 
simulation models. 
As previously discussed, CF is responsible for moving vehicles along one lane. 
A vehicle can be situated in two traffic regimes. It can be limited by a vehicle ahead 
or freely reach its desired speed. Most general CF models are able to function in both 
situations. Vehicles change lanes and can make lateral movement as well. LC models 
have been introduced to provide this movement type within simulation models for 
vehicle entities. The execution of LC will be completed by GA models. These sub-
models and their relations with safety metrics production are explained in the 
following section. 
2.2.1 Car following models 
 
Although CF behaviour has been studied for more than half a century (Chang 
& Chon, 2005), in recent years scientists have been trying to make current models 
more realistic through modifications in a variety of simulation software. CF, which 
involves the interaction between adjacent vehicles in the same lane, has potentially a 
significant role in traffic safety studies. On the other hand, in new technologies such 
as Advanced Vehicle Control Systems, CF has been used to emulate drivers’ 
behaviour (Mark Brackstone & McDonald, 1999). Departure point as demonstrated 
by Gipps (W. Young et al., 1989) for CF describes a platoon along one lane without 
lane changing. Microscopic simulation models make distinctions between the two 
types of flow: firstly, when vehicle elements are influenced by the vehicle, the 
roadway, and external factors such as weather or speed limits; secondly, when the 
elements are affected by the other elements. CF points to the thresholds between 
these two types of flow (Leutzbach & Wiedemann, 1986). 
Car following models are used to understand both the connection between 
measures in individual vehicle levels and in macroscopic levels in traffic flow theory. 
Brackstone and McDonald (1999), in a review on CF models, divided CF models 
into five divisions: 1) Gazis–Herman–Rothery (GHR) models; 2) safety distance or 
collision avoidance (CA) models; 3) linear models; 4) psychophysical models; and 5) 
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fuzzy logic-based models. There are other models apart from these five to which 
Panwai and Dia (2007) add desired spacing, capacity drop and traffic hysteresis 
theory, and neural network models. Ranjitkar and Nakatsuji (2005) examine three 
other CF models, namely cell-based models, optimum velocity models, and 
trajectory-based models. 
Gazis–Herman–Rothery (GHR) and linear models only have “following” 
ability. For first time “safety distance” or “collision avoidance” (CA) model 
introduce “safety distance” in their model. Gipps (1981) model, the most successful 
CA model, also was able to switch between free flow and following situations. 
Among all the CF models, the psychophysical model has a completely different 
structure in which the driver’s behaviour is modelled as sequential control, 
responding to events (thresholds). 
Here, the major parameters of the CF models will be introduced. Sometimes, 
there are different parameters involved in each CF model depending on the specific 
type of model, but generally, the main parameters are nominated also by Bonsall, et 
al. (Bonsall et al., 2005) as follows: 
• Desired speed is the speed at which a driver wishes to drive. It is usually 
assumed to be the free flow speed on that particular roadway. So if a driver 
has enough space after the leader car, he reaches that speed. 
•  Desired headway is the minimum safe time or distance between two 
successive cars that the follower vehicle wishes to take. Once two vehicles 
are travelling at the same speed, this headway corresponds to the time that 
the following vehicle has to attain the same level of deceleration as the 
leader in braking events (Bonsall et al., 2005). This parameter could 
indicate the aggression level of drivers (Xin et al., 2008) as it is thought 
that the more aggressive the driver, the shorter headway s/he will take. 
This parameter is speed independent (Bonsall et al., 2005). 
• Reaction time is a critical parameter in both CF and LC models. It indicates 
the time delay needed by any driver in order to respond to any stimulus 
and take an action. It seems that this parameter has a key effect on the 
safety behaviour of vehicles inside any microscopic sub-models. Gipps 
(1981) assumed a 2/3 seconds reaction time for any driver in his model.  
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• The acceleration that a driver may use in a normal following situation is 
defined as Normal Acceleration. This value is 1.2 m/s2 in Gipps’ model 
(Bonsall et al., 2005). The Maximum Acceleration parameter is that which a 
driver wishes to take in a free flow situation to catch up with the leading 
car or to attain free flow speed. The limitation for this parameter is the 
vehicle’s engine power. In Gipps’ model, this parameter is 1.7 m/s2 
(Bonsall et al., 2005). 
• Drivers apply Normal Deceleration in a non-emergency situation. Usually it is 
in the range of 2-3.5 (m/s2). Maximum Deceleration applies in emergency 
braking situations like the sudden deceleration of the leader vehicle or a 
sudden lane change of another vehicle from other lanes. The most severe 
braking is about 5 (m/s2). 
2.2.2 Evolution of car following models 
1. Gazis–Herman–Rothery (GHR) model 
This model is the most well-known CF model, developed by Chandler et al. 
(1958) at General Motors research laboratories in Detroit. In this model acceleration 
of the follower is a function of the leader’s speed, relative speed, and spacing and 
driver reaction time. The GHR has been used in microscopic simulation software 
such as MIcroscopic Traffic SIMulator (MITSIM) by Yang & Koutsopoulos, (1996). 
In MITSIM, Yang & Koutsopoulos used the Herman et al. (1959) version of the 
GHR CF model. The formula of this model is: 
t = c νt ∆νt − T∆xt − T 
where  is the acceleration of vehicle n implemented at time t by a driver and 
is proportional to, v the speed of the nth vehicle, ∆x and ∆ν, the relative spacing and 
speeds, respectively between the nth and n-1 vehicle (the vehicle immediately in 
front), assessed at an earlier time t - T , where T is the driver reaction time, and m, l 
and c are the constants to be determined.  
 A lot of work has been done to calibrate and validate this model, for example 
Ozaki (1993). However, because of significant conflicting results with the real traffic 
data, it is now less used. Two reasons for the weakness of this model have been 
identified by Brackstone and McDonald  (1999). Firstly, the GHR model cannot 
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adapt with the nature of following behaviour, which changes in accordance with 
different traffic situations in real life. Secondly, the tests in GM motors took place at 
low speeds and in stop- start situations. That is why varieties of l and m have been 
suggested by different studies to calibrate and validate this model. 
2) Safety distance or collision avoidance model (CA)  
 Initially, Kometani and Sasaki (1959) suggested the notion of this model. In 
contrast with the GHR model, this model does not use the stimulus response 
relationship, but it assumes that all drivers keep a safe distance with a vehicle in front 
despite unpredicted reaction. This model uses the Newtonian equation of motion as a 
base.  
Gipps (1981) was responsible for the next major development to this model. 
He used some mitigating factors in human reaction time and maximum braking rate, 
which made his model more efficient and more realistic. The Gipps model was much 
better than Kometani’s model in propagation of any disturbance in traffic flow (Mark 
Brackstone & McDonald, 1999). The Gipps model has been used in different 
simulation models, e.g. CARSIM in USA, (Benekohal & Treiterer, 1988) and 
Aimsun (TSS-Transport Simulation Systems, 2009). However, at an individual level, 
the Gipps model had some weaknesses; it could not take into account the drivers’ 
anticipation ability further downstream, hence the “safe distance” for drivers, in the 
Gipps model, was not realistic. 
On the other hand Barcelo et al. (2010) discusses that the Gipps CF model is a 
one-dimensional model that only considers following vehicles. Barcelo et al. (2010) 
argues that Aimsun also considers the influence of adjacent slower lane and therefore 
Aimsun determines a new maximum desired speed of a vehicle, considering the 
mean speed of downstream vehicles in the adjacent slower lane and allowing a 
maximum difference of speed. At the end of this thesis, the final tests are conducted 
in Aimsun software platform; therefore automatically the adjacent lanes’ effect on 
the CF model with Aimsun formulation is taken into account. 
3) Linear (Helly) models 
Although the first model of GHR was linear, the origin of linear type of model 
was developed by Helly in 1959. He uses additional factors to define acceleration of 
following vehicles. A simplified version of linear CF model that is consistent with 
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the kinematic wave theory is from Newell (2002). Later Yeo et al., (2008) integrated 
a similar simple CF model and LC to model an oversaturated freeway flow. 
Although Yeo et al. used the linear CF model as their platform; their focus was more 
in the interaction of CF and LC in congested traffic situations. 
Overall, the linear CF model works well in a low acceleration pattern, but it 
causes significant errors when there is high disturbance within the traffic stream. In 
such a situation the model gives more higher headways than in reality (Mark 
Brackstone & McDonald, 1999). 
4) Psychophysical models 
The origin of the idea for the psychophysical model is from Michaels and 
Cozan (1963). They discuss CF behaviour in terms of some Psychophysical aspects 
of follower vehicles. They assumed that drivers can predict the relative speed 
differences with vehicle in front, via changes in visual angle. Using this idea a vast 
simulation application has been developed in IfV Karlsruhe, Germany (Leutzbach & 
Wiedemann, 1986). This model uses acceleration of the leader as a stimulus for a 
follower. Difference between current spacing and desired spacing is also another 
stimulus in this model (Ranjitkar & Nakatsuji, 2005). Some others also use the same 
idea, namely Kumamoto et al. (1995) or Burnham and Bekey (1976) or Lee and 
Jones (1967).  
5) Fuzzy logic-based models 
The fuzzy logic-based model is one of the latest efforts to model CF 
phenomena. Inputs for this model include some “fuzzy sets” which explain how a 
variable fits the description of a term. This fuzzy logic has been used for the linear 
GHR model (Chakroborty & Kikuchi, 1999). It uses Helly’s model to predict 
acceleration, and therefore similar to the linear models, this model creates higher 
headways. There are also some more problems in this model to make the fuzzy logic-
based model more realistic. 
6) Desired spacing models 
The desired spacing model has been used by Parker (1996) and also by Hidas 
(1998). Hidas suggests this model only for urban streets with low speeds. In this 
model, a follower vehicle tries to adjust its acceleration to get the desired spacing. 
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This model does not need to predict drivers’ reaction time so it does not need to 
explain the behavioural tasks.  
7) Capacity drop and traffic hysteresis 
This model has been proposed for two specific situations by Zhang and Kim 
(2005). Capacity drop could be seen in a specific density, and traffic hysteresis is a 
stop and go situation. Zhang and Kim propose a CF model which can provide more 
realistic fundamental diagrams such as flow-density. They use gap-time (depends on 
vehicle gap-distance and traffic phase) as a departure point for their new CF model. 
Their model for a hysteresis situation uses the acceleration and deceleration loop 
proposed by Newell (1965) (Figure 3). The diagrams derived from their suggested 
CF model reproduce both capacity drop and traffic hysteresis (Figure 4). Their model 
considers multiphase traffic situations, including steady state phase and congestions 
and transition phase simultaneously. Zhang and Kim use both theoretical and 
numerical simulation to prove the accuracy of the proposed model. As can be 
concluded from this model, the model can satisfy macroscopic measures rather than 
give more insight to the microscopic level. No headway distribution in Zhang and 
Kim’s paper had been discussed.  
 
Figure 3: Speed-spacing relationship proposed by (G.F. Newell, 1965) 
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Figure 4: Simulation result of Zhang and Kim’s (2005) model 
 
 
8) Neural network models 
Jia et al.(2003) used a back propagation neural network to model CF. They had 
relative speed, relative distance, desired speed and current speed and also driver 
“type” (risky, ordinary and conservative) as inputs and acceleration of followers as 
output. Panwai and Dia propose a neural agent-based CF model. Their model, like 
the desired spacing model, does not observe driver’s reaction time (S. Panwai & H. 
Dia, 2005; Panwai & Dia, 2007). 
9) Intelligent Driver Model 
Treiber, Hennecke, and Helbing (2000) propose a deterministic continuous CF 
model, named Intelligent Driver Model (IDM). IDM belongs to the same class of 
Optimal Velocity Models (OVM) (Bando et al., 1995). The advocate of the IDM 
assumes that acceleration is a continuous function of the speed, the gap, and the 
speed difference (approach rate) from the vehicle ahead. Treiber et al. (1999) identify 
important advantages of IDM, namely being accident free, self-organised and easily 
calibrated; it possesses fast numerical simulation and a corresponding macroscopic 
model is identified for the IDM model. 
10) Cellular Automaton Model 
Nagel and Schreckenberg, (1992) introduced a stochastic discrete cellular 
automaton model to simulate freeway traffic. The focus of this model is traffic jams 
and a smooth transition between free flows and start-stop situations and modelling 
shockwaves. The discrete computational model defines an L-sited array which may 
be occupied by one vehicle, or be empty. Krauss, Wagner, and Gawron (1996) 
introduced the continuous model of the Nagel- Schreckenberg model, which had 
velocity and space as continuous variables. 
11) Psychological models 
The first very interesting analysis of automobile driving had been done by 
Gibson and Crooks (1938). He defined the concept of locomotion as individual 
movement from one point of space to another destination. Within this concept, 
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Gibson and Crooks defined some other important terms such as “field”, “obstacle”, 
“collision” and “path”. He classified elements of the field as relevant (negative 
valance, positive valance) and irrelevant to background. He described all types of 
obstacles. Specifically he analysed the moving obstacles emphasising “that a car 
ahead going in same direction way at high speed actually be inside the field of safe 
travel without affecting it since its clearance lines are projected far ahead in the field 
where it would be if it stopped.” 
 
Figure 5: The field of safe travel, where a moving obstacle is physically within the field but where its 
projected clearance lines determine the forward margin of the field (Gibson & Crooks, 1938) 
Then he nominated another obstacle called a potential obstacle, which is a 
probability of finding an obstacle in the field of safe travel (e.g., the probability of a 
car approaching from a minor road in an un-signalised intersection. He explored the 
interactions between cars. He said that driving is competitive rather than cooperative. 
He discusses how drivers, by just blowing the horn, can “simply expand their 
clearance lines into the other person’s field”. By saying, “each driver follows his 
own job and looks at the other vehicles as an obstacle and he always assumes ‘the 
other drivers see you’”, Gibson gets closer to the reality of interaction between 
drivers. 
Using Gibson’s (1938) idea to analyse the interaction between an agent and its 
environment is considered in the Archisim model, a road traffic simulation model 
developed at INRETS (Auberlet, 2008). A model using a well-known schema 
“perception/decision/action” in psychology by Endsley (1995) is illustrated in 
Figure 6. There are three main modules in this model namely; perceptive, 
anticipating and solving (Auberlet, 2008). 
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Figure 6: Architecture for an agent’s decision model for the agent’s locomotion (Auberlet, 2008) 
Psychologist Farida Saad has performed substantial research to formulate 
drivers’ behaviour. One of her aims was to “identify and examine the situational 
demands to which drivers have to adapt while driving, as well as to analyse drivers’ 
activity by describing their behaviour and explaining the psychological mechanisms 
underlying the management of their interaction with the road environment” (Saad, 
1992). She argues that the drivers’ behaviour is a function of information available at 
the real time. She uses on-board observation of driver behaviour. Before this, only a 
few studies had conducted on-board tests. Fuller (1980) and (1981) did such a test 
with heavy vehicles, focused on CF behaviour. He came up with the four following 
manoeuvres: steady state following; closing, prior to overtaking; braking (R. G. 
Fuller, 1980).  
Saad in her on-board tests had more control on “situational variables” and 
drivers’ strategies. She insisted that drivers’ behaviour depends on the vehicle 
immediately in front and also it is a function of traffic condition, both in the same 
lane and in the adjacent lane. She defined an indicator for traffic condition, from 1 to 
5. Another item that was recorded was other drivers’ manoeuvres, which had direct 
impact on drivers, including: 
“ 
• insertion of another road user in front of the subject 
• road user in front leaving the lane 
• braking by vehicle in front 
• insertion and braking in front 
• vehicle in front but no manoeuvre 
• Lastly, the speed of the surrounding traffic in relation to the subject and the 
occupation of the adjacent lanes are also gauged by observing whether the 
subject is overtaken or not by another vehicle.” (Saad, 1992) 
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In another published document from the Archisim group (Espie, 2007) the 
control zone is presented (Figure 7). 
 
Figure 7: Control zone in Archisim model (Espie, 2007) 
A second major factor which Saad considered in her study was characteristics 
of the infrastructure, which can affect drivers’ strategies. Some of the zones that were 
used are as follows: “ 
• entry zones, where there is the possibility of interference from other vehicles 
entering the motorway; 
• directional zones, where the driver has to choose between alternative 
directions; 
• bifurcation zones, which follow zones where a direction has to be chosen; 
• insertion zones, where the subject enters the motorway via a slip-road or as a 
result of the merger of two motorways; 
• and lastly, ‘straight’ stretches of road which are comparatively ‘stable’.” 
 
In the test, the behavioural indicators and indicators characterising the road 
situation were recorded every 100 meters along an 11 kilometre motorway in the 
Paris region for each subject (including 12 experienced and 10 inexperienced 
drivers). After gathering all test results they made a “global analysis of situations 
and behaviour patterns using correspondence analysis” to find the correspondence 
between those. 
She claims that they provide a “hierarchy amongst the constraints weighing 
with the surrounding traffic (immediate interaction with the vehicle in front, degree 
of constraint associated with the surrounding traffic, structure and characteristics of 
the infrastructure)”, and level of driving experience. Interviews with drivers were 
used to support their conclusion. 
Formulisation of drivers’ behaviour has been suggested already in the 
literature. Johannsen and Rouse (1979) proposed some mathematical concepts to 
model driver behaviour. In contrast, however, Saad found a hierarchy for driver 
behaviour modelling, rather than a mathematical model. 
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Saad’s study results have been embedded in a multi-agent system to provide 
generic rules for agents’ displacement. 
The rules generating “intention” in the Archisim model are: “ 
- interaction +long duration +possible suppression = suppression of intention 
- interaction+ short duration+ possible suppression=short-term adaption 
- interaction +short duration +temporary impossibility of suppression= short 
term adaption  
- interaction +long duration +long term impossibility of suppression= long 
term adaption ” 
(Espie, 2007) 
 
They confirm that the concept of anticipation and duration have been 
considered in their model because of the use of temporal aspects in their generic 
rules. The main difference between Archisim and other traffic models is that 
Archisim uses a symbolic vision model for each road user, which can perceive 
information from its environment. In Archisim, short headways are accepted from 
drivers in specific situations, like before off ramps or before lane changing.  
Within microscopic simulation models there is a need to have behavioural 
variance in “perception”, “decision making” and “action” processes. There is also a 
demand for more accuracy in modelling drivers’ behaviour at a nanoscopic level, as 
has been happening in studies in Europe. The idea behind this is to let drivers 
experience errors within simulation. A theoretical model of driving behaviour is 
presented below from (Archer & Kosonen, 2000). 
 
Figure 8: The theoretical model of driving behaviour that is used as a platform for development in the 
HUTSIM micro-simulator (Archer & Kosonen, 2000) 
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Following the same direction, research has been undertaken by Xin et al. 
(2008) called “The Less-Than-Perfect Driver: A Model of Collision-Inclusive CF 
Behavior”. They actually observe errors that drivers may make and provide more 
realistic perception response processes following the situation. Comparison of this 
model, which provides variable reaction times, with other normative CF models, is 
worth noting. Xin et al. (2008) claim that their work can help microscopic 
simulations to be able to study traffic safety.  
2.2.3 Lane Changing (LC) models 
 
There is no universal agreement on the driver LC intention structure and each 
model has a unique decision making process (Bonsall et al., 2005). Once the decision 
is made, then a Gap Acceptance (GA) model applies. The GA parameters are 
examined in the next section though the safety related issues of the LC tasks are 
investigated here in terms of the different LC models and their structure. 
A simple model of principle lane change behaviour proposed by McKnight and 
Adams (1970) argues some points about the cause of LC conflicts (Chovan, 1994). 
They believe that driver error might occur at the information gathering stage, so the 
driver may not perceive the signs or markings to know whether or not LC is legal. 
Once the driver checks the mirrors, the situation in the target lane, or road condition 
in downstream, the driver can fail to perceive some of the vital information, or may 
misperceive the information. The errors may also happen in decision making or in 
the execution phase. For instance, the driver may forget to use the blinkers to show 
his/her LC direction. 
Lane change models describe the driver purpose and ability to change lanes. 
Purpose refers to the acquired benefit, increasing speed or delay avoidance, and the 
necessity to change lanes, avoiding incident in the present lane, traffic regulation, or 
getting ready for a turning movement. The benefit has a vital value that triggers a 
lane change model. Some models consider the driver’s ability to anticipate the need 
for changing lanes. For example, if there is a congested merging point further down 
the roadway, a driver may be able to avoid that lane earlier in the upstream link 
(Goswami & Bham, 2006). It is worth noting that look ahead distance in models such 
as Aimsun (TSS-Transport Simulation Systems, 2010c), take into account driver`s 
ability to change lane in case of a congested merging section downstream, as well as 
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the behaviour of commuters familiar with recurrent congestions at particular 
sections. 
The “ability” is a function of “lane space, relative speed and the location of 
surrounding vehicles”. Here, the ability to change lanes has a similar function to the 
gap-acceptance model. The main parameter is the minimum acceptable gap which 
will change depending on the urgency of a lane change (Bonsall et al., 2005). Gap 
acceptance has two critical parameters to look at, namely the front gap and rear gap 
(lag) in the target lane.  
LC has an essential role in traffic flow (Ben-Akiva et al., 2009), capacity and 
safety (sparmann, 1979). Lane change includes simple “lane change, merge, and exit, 
pass, and weave manoeuvres”. “A lane change has been defined as a deliberate and 
substantial shift in the lateral position of a vehicle” (Chovan, 1994). Different LC 
models have been proposed, Hidas (2002), Gipps (1986), Webster (2007) and others. 
The Gipps LC model (1986), is used in Aimsun (TSS-Transport Simulation Systems, 
1997)  and DRACULA simulation software. This model uses the hierarchy of 
decisions. It is reviewed by Toledo (2007). Most of these models categorize LC 
models into two types, mandatory (MLC) and discretionary (DLC) (Ben-Akiva et al., 
2009). Some models suggest the anticipatory LC model which could be a non-
mandatory LC. Ben-Akiva, et al. (2009) stated that the gap acceptance model is used 
to model the execution of lane changes. In this part the LC model structure and its 
role in traffic safety in detail are discussed. The diagram in Figure 9 by (Ben-Akiva 
et al., 2009) shows a general structure of most of the LC models.   
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Figure 9 The generic structure of lane-changing models (Ben-Akiva et al., 2009) 
 
In Figure 10 different vehicles involved within a lane change manoeuvre have 
been shown. The subject vehicle should interact with the assumed lead vehicle and 
assumed lag vehicle. Both lead and lag gaps have to be acceptable in the GA model 
to execute a Lane change (Ben-Akiva et al., 2009). These vehicle pairs use the CF 
model to follow each other. Kan and Bham (2007), by going through a literature 
review, nominate different gaps to differentiate between CF and non CF situations 
(200 or 250 ft space gap or 4 seconds time gap). Finally they chose four seconds as a 
maximum time gap for CF. 
 
Figure 10: Vehicles involved within lane change manoeuvre and gaps between them 
 
In the Gipps LC model (1986), once vehicles are generated, their destination is 
also determined. The distance until its intended turn can affect LC behaviour along 
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the way. Gipps divides this distance into three spans; remote, middle and close. As 
the turn is far it does not affect lane-changing judgments and the driver focuses on 
preserving the desired speed. Once the turn comes into the middle distance region, 
s/he starts to disregard chances to progress velocity, which engages LCs in the 
incorrect direction. After reaching them, the driver tends to stay in the two 
appropriate lanes for the turn. Lastly, as the driver is close to the turn s/he is 
interested only in getting in the correct lane and speed is not important (Gipps, 
1986). Gipps mentions that beyond 50 seconds to the intended turn can be assumed 
to be a remote distance. 
According to a study conducted by Kan, et al. (2008) in simulated data (using 
Vissim), lead and lag gap relative size are similar in off and on ramp LCs in field 
data. However, they illustrated that “most simulated gaps are greater than the field 
gaps”. On the other hand, according to the literature, LC takes about four seconds, 
while simulation models do not observe this duration. This causes ignorance of the 
crash possibilities in these seconds. 
According to (Goswami & Bham, 2006), in freeway weaving sections, 
mandatory LC can cause dense LC areas and a higher crash frequency. In their study, 
they calculate the frequency of MLC and anticipatory lane changing, and ignore the 
discrepancy LC frequency. They argued that LC manoeuvres in freeways could 
directly affect the traffic flow, not only the surrounding vehicles but also the traffic 
stream. They concluded that the frequency of LC has a significant role in reality and 
consequently in simulation models.  
The MLC or anticipatory LC would not be seen as a straight segment of a 
freeway for the first phase, which has a sufficient distance with any off or on ramps, 
(more than 60 seconds, according to Australian standards). The only type of LC that 
might happen in such a segment is DLC. The research conducted by Goswami and 
Bham (2006) illustrates the importance of LC in weaving areas, which includes 
mostly MLC and Anticipatory LC (ALC) rather than DLC. So if the study is on such 
a section of motorway, LC can be ignored to limit the study area on the effect of CF 
models in the microscopic simulation safety measures. 
Chovan  (1994) argued some points about a simple model of principle lane 
change behaviour (Figure 11) proposed by McKnight and Adams (1970). He 
believed that driver error might happen in the information gathering, so the driver 
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might not perceive the signs or marking to know whether LC is legal or not. For 
instance once the driver checks the mirrors, he/she may fail to perceive some of the 
vital information or misperceive the situation in target lane or downstream road 
condition. The errors may also occur in decision making or in the execution phase. 
For instance the driver may forget to use the blinker to show his/her LC direction. 
 
Figure 11: Simple model of ideal lane change behaviour from (Chovan, 1994) origin from McKnight 
and Adams (1970) 
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2.2.4 Gap-Acceptance models 
 
Gap-acceptance is the process in which a driver from a minority stream 
accesses an acceptable gap inside the primary stream to cross or merge into the 
primary flow of traffic. This sub-model not only regulates the conflicts between low 
and high priority streams, but is also used in the LC model to evaluate the gaps in the 
“wished-for” lane. Acceleration rate, desired speed, speed acceptance and maximum 
give-way time influence the behaviour of the gap-acceptance model. The 
acceleration rate, the maximum give-way time and the visibility distance at the 
intersection are the most critical ones (TSS-Transport Simulation Systems, 2010c). 
The key parameters in the gap-acceptance affecting a safety model consist of: 
 - Critical gap: The minimum acceptable time gap needed for a driver to enter 
safely into a major traffic stream is called critical gap. This parameter can differ 
between drivers and therefore is mostly represented by a random variable.  
- Gap-reduction and minimum gap: Some micro simulations assume fixed critical 
gap for each driver and some assume that the critical gap is a variable dependent 
upon the impatient drivers’ concept (Bonsall et al., 2005). “The mean duration of the 
critical gap is a decreasing function of the number of rejected gaps” (Mahmassani & 
Sheffi, 1981). The critical gap cannot be less than a minimum value which is 
minimum gap. 
2.2.5 Population distribution studies 
Various studies have been done to investigate relationship between traffic 
offences and everyday driving characteristics. In most of these, headway is a 
measure of driver risk. Evan and Wasielewski’s research on a large number of 
vehicles within the traffic stream shows that accident-involved drivers have close 
following distances  i.e. they have “higher level of risk in everyday driving” 
(Leonard Evans & Wasielewski, 1982). In another study Evans and Wasielewski 
(1983) found again “offensive drivers, young drivers, male drivers, drivers with no 
passenger, drivers who did not wear a seatbelt” have shorter headways in their 
driving habits. A similar study later in Finland by Rajalin et al. (1997) confirms 
Evan’s research results, but this time the drivers with close following distances 
(recorded in one spot upstream in a two lane highway) were asked the reason for 
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their short headways. The main justifications from the drivers were being in hurry or 
“desire to overtake”.  
In a slightly different approach Brookhuis et al. (1994) examined the effects of 
external factors as “alcohol, medicinal drug or mobile telephoning” on drivers’ 
performance. Again, the ability to follow a leader as a measure of attention and 
perception was considered. They found that drivers need more distance headway by 
15m, 6.35m and 4.125m, if drivers respectively are using a telephone, or affected by 
10mg Triprolidine or influenced by 0.034% and 0.046% BAC, while they are driving 
on a motorway at a speed of 90 km/h. 
In all these safety studies, headway or CF behaviour is a major measure, so the 
importance of having a more realistic micro simulation of traffic headways is clear. 
The above research also contains work done on population. Some of those focused 
on what pattern governs headways in a CF situation. Buckley (1968) shows that the 
headway distribution in a CF situation is a semi-Poisson distribution. 
An interesting study has been done by Ohta (1992). Ohta also shows that the 
distribution of time headways seems to correspond to a kind of semi-Poisson 
distribution. He first draws a useful diagram of the headway of one vehicle always 
“alternating between approaching and resending”. He insists that this diagram 
depends on factor variations in vehicles, traffic environment and driver subjectivity. 
 
 
 
 
 
Figure 12: Distance headway shown by one driver (Ohta, 1992)  
 
Ohta has used the concept of proximity developed by Hall (1966) in classifying 
the “zones in drivers” spacing for his test. These zones are illustrated in the Figure 
13.  
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Figure 13: CF distances 
Ohta then tried to divide the drivers into some groups according to headways; 
firstly, drivers who have small headway and have a low level of safety and stability; 
secondly, drivers who have long headways. Although they have a high level of 
safety, they display an “unstable affect” because they do not stick to the social norm 
of the traffic stream. Lastly drivers who are located in the modal area, stick to social 
norm and because the social norm headway is always shorter than the safe headway, 
they had a low level of safety and high level of stability effects in the traffic stream. 
Another key point in studies on traffic distribution is the role of anticipation 
ability of drivers. Ozaki (1993) found that some drivers react to cars further ahead, so 
the time lag between those and an immediate vehicle in front will be negative. Ozaki 
found that this situation happens mostly when distance between vehicles in front is 
too short, while relative speed with two vehicles ahead is considerably high. Ozaki in 
his model could not observe these vehicles. 
As could be concluded in this part, there should be a relation between 
distributions and traffic flow models and specifically CF models. Knowledge about 
distributions provides a better understanding of drivers’ behaviour and helps to test 
any CF model results. 
2.2.6 Discussion 
The summary of the introduced parameters in the previous section is illustrated 
in Table 1. Most of the parameters in relation to the models have a distribution of 
values rather than a particular fixed value. Some models assume a fixed value for all 
drivers, and others differentiate between drivers or vehicle types (Bonsall et al., 
2005).  
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 Table 1. Microscopic simulation models effective parameters, adapted from Bonsall et al. (2005) 
C
a
r 
Fo
llo
w
in
g Desired speed  
Desired headway  
Reaction time (s)  
Rate of acceleration (m/s2)  
Rate of deceleration (m/s2)  
La
n
e 
C
ha
n
gi
n
g 
Rules for mandatory lane change  
How far ahead the drivers anticipate the 
need to change lanes  
Minimum acceptable gap when 
changing lanes  
Variation in the gap depending on the 
urgency of the desire to change lanes  
Urgency of the desire to change lane  
Willingness to create gaps to assist other 
vehicles to change lanes  
Level of compliance  
Distribution of aggressiveness  
G
a
p 
a
cc
ep
ta
n
ce
 
Critical gap (s)  
Stimulus required to induce use of the 
reduced gap  
Minimum gap (s)  
Willingness to create gaps to assist other 
vehicles to merge, cross or change lanes  
 
According to Klunder ( 2006), “the relationship between the parameter setting 
of the microscopic simulation model and surrogate safety measures (SSMs) is not 
explicitly known, but rather follows from the simulation; it is not possible to deduce 
the (SSMs) directly from the input parameters, since the underlying traffic models 
are too complex and partly stochastic in nature”. As an attempt however, two 
parameters, “aggressiveness” and “awareness”, are designed in PARAMICS (a 
widely used simulation software) to categorize drivers. However, as declared by 
Bonsall, it is necessary to calibrate the model to produce more accurate aggregate 
results. Thus current simulation models are not based on the real population of 
drivers and are unable to provide more accurate safety indicators.  
Focusing on human errors in each of the parameters could also critically affect 
safety indicators. Xin et al. (2008) focused on the human errors involved in CF 
models. As the first target of the current chapter is CF, more details are investigated. 
This section presented a comprehensive coverage of the main parameters inside 
microscopic simulation models. Bonsall et al. (2005) summarized the parameters in a 
table divided into four parts: purely behavioural, behaviour limited by vehicle 
performance, the parameters that reflect policy, and fundamental parameters like 
physiological reaction time.  
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2.3 MANAGED MOTORWAY SYSTEM’S ASSESSMENT 
The previous section provided an inclusive coverage of the main microscopic 
simulation model parameters.  It identified the existing microscopic simulation 
structures with a focus on their safety-related components. In this section the 
managed motorway systems (MMS), which currently are a very important aspect of 
motorways, are investigated.  Apart from the improvement of the geometric design 
and engineering part of motorways, or signage of the motorways’ physical body, 
most of the new and modern interventions to improve the motorways’ safety and 
efficiency are implementing new intelligent technologies. Looking at the literature, a 
few of the microscopic simulation models are able to model the ITS applications; 
however most being used are not validated against real data and there has been very 
little work on safety evaluation of these systems within the simulation context. In this 
section Managed Motorway Systems will be discussed. “Managed Motorways” are 
defined as “the urban motorways that have intelligent information, communication 
and control systems incorporated in and alongside the road” (Infrastructure 
Australia, 2011). The advantage of these intelligent systems is that they are able to 
control and harmonize the traffic throughput entering or already flowing on the 
motorway to improve performance and safety. There are a few of these intelligent 
systems that are widely accepted to be used. For instance the Australian managed 
motorways plan includes the implementation of an incorporated package of 
“coordinated on-ramp signalling, variable speed limits, lane control, incident 
detection and data loops, travel information and closed circuit television 
surveillance”. 
2.3.1 Variable Speed Limit   
Variable Speed Limit (VSL) and Ramp Metering (RM) are part of a suite of 
intelligent transport systems which are becoming significant tools for motorway 
management. They are positioned within an integrated Intelligent Transport System  
platform designed as an enterprise system for the management of the road network in 
Queensland, Victoria and South Australia (Chung et al., 2011). VSL and RM 
function as key components not only in motorway management but also in managing 
incidents. These functionalities, as part of a range of effective mechanisms for 
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dealing with a complex traffic environment, have increased the demand for phase-
wise development of these systems for motorway traffic management in Queensland.  
The VSL systems development so far has encompassed building algorithms for 
different traffic conditions, and its increased integration platform in reference to 
various service requirements of the Department of Transport and Main roads 
(DTMR), Queensland. There is, however, no extensive computer simulation testing 
of the VSL algorithms and therefore no testing of the performance of the algorithms 
under designed scenarios such as congestions and flow breakdown. Likewise, the use 
of RM as a tool for motorway management is also at an introductory phase in 
Queensland, as neither installation nor implementation of this tool at a network level 
is in operation on Queensland motorways. There is a demand in the build of a 
simulation model for both VSL algorithms and Ramp Metering algorithms. The 
research encompasses performance assessment for both these ITS tools under 
selected operational scenarios, within the case study corridor.  
Variable Speed Limits (VSL) are among the most effective systems in freeway 
control management. The aim of using VSL could be to improve safety or to raise 
capacity on motorways. Optimization of speed limits can improve effectiveness and 
prevent congestion (Taiying et al., 2004). To study VSL issues; “traffic flow theory” 
and “driver behaviour studies” are essential (Huajing & Athanasis, 2002). The 
literature review on the VSL shows that most of the research can be categorized into 
three parts: simulation, evaluation and application studies. 
The main portion of research so far has concentrated on simulation and its 
details. It has been conducted mostly on simulated freeway systems by using micro 
simulation to visualize and analyse VSL on a freeway (Abhro Mitra, 2005). 
Researchers have tried to calibrate these simulation models in different situations, 
and make them more realistic. For this purpose they have to have a validation 
between field measurement and simulation results (Lin et al., 2004). 
The use of variable speed limits was introduced in Queensland around 20 years 
ago on the Gateway Bridge (DTMR, 2008). The main objectives were to reduce the 
speed during windy conditions as detected by automated wind detectors, with 
changes made to the speed limits – based on wind speed - undertaken manually by 
operators in the Queensland Motorway Limited (QML) Traffic Control Centre.  
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Current Status of Variable Speed Limit  
Variable speed limit systems (including signs) have been installed as a part of 
motorway upgrade projects on the Gateway Motorway, Ipswich Motorway and North 
South Bypass Tunnel (Figure 14, Figure 15). Other future installations may include 
the Airport Link Tunnel, Springfield Motorway Project and Houghton Highway.  
 
 
Figure 14: VSL sign placement practice a) VSL overhead mounted b) side mounted 
 
Figure 15: Variable Speed Limit Service in an integrated Architecture 
Van den Hoogen & Smulders  (1994) described that the primary goal of the 
VSL is to decrease speed differences rather than average speed . They explained that 
decreasing speed differences implies more harmonized headways and less severe 
shockwaves. Real life studies have shown that VSL reduces the number of crashes 
(Abdel-Aty et al., 2008). Abdel-Aty et al. used Paramics to evaluate safety effects of 
VSL. They calibrated mean headway, mean reaction time and queue measures. 
However, by calibrating some average measures, they achieved the impact of VSL 
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application only on some average measures such as average speed and variation of 
speed, but not more precise measures such as individual headways, TTCs and 
frequency of risky events. 
Variable Speed Limit Applications on Motorways  
The increased popularity of VSL Systems for use in Queensland Motorways is 
primarily attributable to a number of key application scenarios for which the use of 
VSL systems is becoming more widespread, including: 
Addressing High Flow Scenarios 
• Optimisation of traffic flow rates by reducing speed differentials between 
vehicles, and therefore the probability of flow breakdown and congestion.  
Incident Management  
• If congestion occurs, management of the operating speed of traffic 
approaching the congestion and departing from the congestion to restore the 
optimal flow rate as quickly as practicable to decrease the total delay; 
• Reduce the risk and severity of traffic crashes (especially secondary crashes) 
by reducing the speed of vehicles as they approach an incident, a traffic 
queue or stoppage; 
Addressing Inclement Weather 
• Ensure safety during poor weather or road conditions by reducing the 
operating speed to an appropriate speed for the prevailing conditions. 
Other Usage 
• Reduce the speed differentials between mainline traffic and entrance ramp 
traffic to manage safety and help prevent traffic flow breakdown; 
• Minimise the potential risk of injury to the public and emergency staff at 
incidents or to workers during maintenance / construction by reducing the 
speed of vehicles approaching and passing through the site. 
The VSL system in use by the DTMR has six established scenario-specific 
algorithms which, in conjunction with the general algorithm, act to reinforce variable 
speed limits. Similar algorithms are grouped by DTMR into different modes of 
operation for categorisation and operational convenience. For instance, automatic 
mode incorporates high flow algorithms and weather algorithms. The other major 
operating modes are the foundation mode, unplanned incident mode, planned 
incident mode, information only mode and training mode. The key features of the 
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scenario-specific algorithms are presented in Table 2. Detailed descriptions of the 
content of the algorithms are specified in the DTMR (2008) report.   
 
 
Table 2: Description of variable speed limits’ algorithms 
Algorithm Description 
General 
Operation 
Defines the general principles for managing safety conflicts, 
system credibility and usability. 
 
High Flow When flow is moving at higher speeds, this algorithm is used to 
manage traffic that is heavy but still moving, in order to 
optimise performance. 
Incident When flow has broken down, this algorithm is used to restore 
safety. 
Weather In inclement weather (wind, rain, fog), this algorithm is used to 
increase safety. 
Pre-programmed 
traffic control 
plans 
During construction or maintenance (and other planned 
incidents), this algorithm assists traffic control and traffic 
control personnel to control the general motoring public passing 
through the construction zone. 
Tidal flow This system of integrated signs will also be used in some Tidal 
Flow applications. 
Faults This algorithm manages faults. 
Source: Department of Transport and Main Roads Queensland, 2008 (Chung et al., 2011) 
2.3.2 Ramp Metering Algorithms 
Although there are not many studies relating Ramp Metering to safety, 
however Abdel-Aty et al. (2006) discussed the effect of RM whereby reducing speed 
variation in the motorway can increase the level of traffic safety. There are a number 
of RM algorithms in review and use around the world - ALINEA, HERO and 
Minnesota for instance. However, the focus in this project will be on ALINEA, due 
to its widespread use, functionality and reference in the literature.  
ALINEA Algorithm 
The ALINEA ramp-metering control strategy was developed by (Hadj-Salem 
et al., 1990). It has been shown to be a remarkably simple, highly efficient and easily 
implemented ramp metering application, based on the results of several field trials 
and simulation-based evaluation studies in Europe and USA (Chu & Yang, 2003). 
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The ALINEA ramp metering control is based on feedback control theory 
(Papageorgiou et al., 1991). It is a local traffic responsive strategy, aimed at 
maintaining maximum throughput at the downstream merge area of the entrance 
ramp. A downstream detector station is required for the measurement of the traffic 
conditions at the merge area. The successful application of ALINEA depends on the 
correct determination of four parameters: the update cycle of metering control, a 
constant regulator used for adjusting the constant disturbances of the feedback 
control, and the location and desired occupancy of the downstream detector station. 
Calibration of these operational parameters is required during the pre-implementation 
phase. The metering rate in the time interval of ( + ∆, ) is as the following formula 
(Chu & Yang, 2003): 
Equation 1:   = ̃ − ∆ +  . ∗ −  
Where: ∆t : Update cycle, O∗: the desired occupancy of the downstream 
detector station, Ot: measured occupancy of time interval (t − ∆t, t),  rt − ∆t: 
metering rate of the time interval of (t − ∆t, t), K!: regulator parameter, used for 
regulating the constant instability of the feedback control. 
The network level RM algorithm of ALINEA - HERO - has been implemented 
in Melbourne with positive traffic performance outputs including a flow increase, 
capacity improvement and sustenance quality, providing improved traffic 
performance over a substantial period (Papamichail et al., 2010).  
2.4 SAFETY RELATED INDICATORS 
 
In previous sections an inclusive coverage of the main microscopic simulation 
model parameters is presented. Moreover the MMS are discussed and main features 
are introduced. To study traffic safety in simulated motorways and to evaluate the 
MMS in the microscopic simulation models, it is necessary to have appropriate 
metrics to calibrate and validate and evaluate the models’ performances against real 
data or other simulation scenarios. This section will introduce such measures.  
To study traffic safety measures, it is helpful to know that there are three main 
types of crashes on motorways; rear-end, sideswipes and single vehicle crashes 
(Chung & Maurice, 2007). However Golob et al. (2004) used crash location 
(including crashes occurring in lanes, off-road, on-shoulder) and crash severity 
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(injuries and fatalities) to determine the crash topology. The most frequent type of 
crashes after single vehicle accidents are rear-end crashes, followed by sideswipe 
accidents.  
Some efforts have been made to predict crashes, using limited time spans 
aggregate data due to the changes in traffic flow as a sign to predict crash risk. Oh et 
al. (2001) found that a five minute standard deviation of speed of one double loop 
detector is the most significant indicator to capture accident likelihood, although the 
indicators such as occupancy and flow also have significant roles. 
Golob et al. (2004) indicated that “mean volume”, “median speed” and 
“temporal variations in volume and speed” affect traffic safety significantly. Other 
studies showed that headways and short followings are the most likely cause of the 
accidents (G. A. Davis & Swenson, 2006; Leonard Evans & Wasielewski, 1983).  
Davis (2002) showed that speed variance cannot necessarily be an indicator of 
individual crash risk. In another study by Kockelman and Ma (2007), there was no 
evidence to show any relationship between speed and its variation from 30-seconds 
of traffic data and crash occurrences.  
As outlined above, efforts have been made using aggregate data to calculate 
crash risk, but it has also been discussed that there are still doubts as to the 
effectiveness of using those as risk indicators. To avoid the same challenges, there is 
another approach for the safety assessment of traffic scenarios. This approach uses 
proximal safety indicators as the metrics for safety, which will be described in the 
next section. 
Bonsall et al. (2005) attempted to answer this question: “should microscopic 
simulations model safe behaviour or actual behaviour?”. After performing tests on 
driver speed limit acceptance, distribution of driver aggressiveness and a critical 
review of the microscopic simulation component, they concluded that it is better to 
have “realistic-but-unsafe” models rather than “safe-but-unrealistic” models. Most of 
the available microscopic simulation models make assumptions about the safe 
behaviour of drivers rather than the actual behaviour, and as a result they are unable 
to predict risk measures. 
Within microscopic simulation models there is a need to have behavioural 
variance in “perception”, “decision making” and “action” processes. There is also a 
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demand for more accuracy in modelling driver behaviour at a nanoscopic level. The 
interesting idea is to let drivers experience errors within simulation (Archer & 
Kosonen, 2000). 
Following the same direction, research was conducted by Xin et al. (2008) 
called “The Less-Than-Perfect Driver: A Model of Collision-Inclusive CF 
Behavior”. They actually observed errors that drivers may make and provided more 
realistic perception-response processes in the following situation. Comparison of this 
model, which provides variable reaction times, with other normative CF models, 
could be interesting. Xin et al. (2008) also claim that their work can help microscopic 
simulations in studying traffic safety. 
2.4.1 Proximal safety indicators 
 
There are drawbacks in using the traditional method of analysing historical 
accident data to study traffic accident events. Gettman et al. (2008) emphasized the 
advantage of using safety indicators rather than only actual crash history. They stated 
that the ratio between conflict and actual accident frequency is 20000 to 1. Proximal 
safety indicators can be the appropriate surrogate of accident statistics. “These are 
defined as a measure of an accident’s proximity based on the temporal and /or 
spatial measure that reflect the closeness of road users (or their vehicles) in relation 
to projected point of collision” (Archer, 2005). Archer stated that the accident 
proximity measure could be defined according to the “safety indicator concept or 
technique used”. 
The disadvantages of using accident data do not apply to proximal safety 
indicators as they happen more frequently and in a shorter period, giving us a 
sufficient sample size. They provide a more source-efficient and “ethical” way of 
studying traffic safety. Using them is a “proactive” method which means there is no 
need to wait for accidents to happen to address safety problems (Archer, 2005). 
Svensson (1998) determined the following criteria for the usefulness of 
proximal safety indicators:  
1. Compliment accident data and be more frequent than accidents 
2. Have a statistical and causal relationship to accidents 
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3. Have the characteristics of ‘near-accidents’ in a hierarchical continuum 
that describes all severity levels of road-user interactions with accidents at 
the highest level and very safe passages with a minimum of interaction at 
the lowest level. (Archer, 2005)  
Examining these three criteria, Archer (2005) believes that the first point is 
correct for most proximal safety indicators. However, he refers to the validity and 
predictive nature of the indicators when it comes to the use of the term “causal”, 
showing that the indicator should happen before the accident and in the same 
situation. Archer (2005) concluded that the third point, or “near-accident” phrase, 
shows a clear difference between proximal safety indicators and the other traffic 
performance parameters (e.g. traffic flow or speed or occupancy), which have been 
used in predictive models. The concept of severity has also been suggested by the 
third criterion, which is a more “qualitative and comparative” measure, according to 
Archer. 
Surrogate Safety Assessment Model (SSAM) (D. Gettman & Head, 2003) 
software is developed to derive surrogate safety measures from traffic facilities’ 
simulated models. Having such tools makes evaluation of alternative designs 
possible, before employment or being built. The software identifies, classifies and 
evaluates traffic conflicts particularly for intersections, even though it can assess 
other traffic facilities. All LC, GA, turning and leader braking events are needed to 
be recorded in the simulation model to be analysed by SSAM afterward. The 
software safety indicator output includes: TTC, PET (Post Encroachment Time), 
Maximum speed of either vehicle involved in conflicts (MaxS), speed difference at 
the time of minimum TTC (DeltaS), DR: initial deceleration rate of the second 
vehicle, the maximum deceleration of second hand during the conflict time (MaxD) 
and finally, conflict type which could be “rear-end, LC, or crossing types”, based on 
the conflict angle.  
Archer's (2005) approach towards the safety indicators is that he separately 
described proximal safety indicators from “safety-influencing-factors”, which could 
not be classified as proximal safety indicators due to the criteria that has been 
defined; however, they affect traffic safety. Some of those are traffic performance 
measures as follows: 1- Speed and speed variance 2- Headways between vehicles 
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within traffic stream 3- Traffic flow rate (including related measures, occupancy, 
density…) 4- LC manoeuvres 
As a first validation effort against real data, Gettman et al. (2008) indicated that 
the SSAM can discriminate between different design alternatives. On the other hand, 
they also validated the SSAM against real crash data in a second level. They declared 
that conflict frequencies from simulation models are related to real crash data (R-
Square=0.41). However, the traditional crash prediction model exhibited a stronger 
correlation (R-Square=0.68). Lastly, they conducted a sensitivity analysis on the few 
well-known microscopic simulation models and found that the range of conflicts is 
wide across the different models. That is, VISSIM has the minimum and TEXAS has 
the highest frequency of conflicts. As a result of observing the questionable 
behaviour of these models, Gettman et al. (2008) called for an improvement in driver 
behaviour modelling in the microscopic simulation models and asked for the nature 
of real-world conflicts to be studied. 
Apart from the efforts to simulate conflicts in traffic, there is a wide area of 
research on predicting and simulating frequency and severity of crashes. Davis and 
Morris (2009) identified that statistical models of frequency and severity of crashes  
need to be replaced with simulation models that can describe the mechanism of 
crashes. Sobhani et al. (2010; 2011) combined different levels of safety simulations 
and used the conflicts and conflict severity characteristics acquired from microscopic 
simulation models to determine crash attributes.  This enabled them to simulate the 
possible injury severity of crashes, based on the transferred kinetic energy to the 
subject vehicle, and to use a medical point of view to inform crash modelling. 
In the following section, some of the proximal safety indicators are introduced, 
which can be suitable for a straight motorways segment and testing CF in particular. 
Time to Collision (TTC). Time to Collision (TTC) is a proximal safety 
indicator initially introduced by Hayward (1972). This indicator has been used as an 
alternative for other traffic conflict techniques. TTC is a more objective measure of 
the danger of a situation than previous conflict measures. Hayward (1972) described 
TTC as “the time required for two vehicles to collide if they continue at their present 
speed and on the same path”. 
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The actual TTC value is usually the minimum TTC within all interaction 
periods. The TTC is calculated at the time of the braking call, within the total Time-
to-Accident (Shoarian-Sattari & Powell, 1987) measure. These measures are the 
most popular quantitative metrics in conflict studies (Chin & Quek, 1997). TTC is 
used widely, and recent work by Oh and Kim (2010) applied it as a measure of rear-
end crash potential using vehicle trajectory data.  
Because TTC is usually measured using video analysis, its data extraction is 
onerous. However, as per the literature above, several studies benefit from TTC to 
evaluate traffic safety. The Time-to-Collision of a vehicle-driver combination " at 
instant  with respect to a leading vehicle " − 1 can be calculated with: 
$$%& = '&() − '& − *&+& − +&()/            ∀+& > +&() +: Speed   ': position  *: Vehicle length. 
Minderhoud and Bovy (2001) found in the literature several values for critical 
TTC, from 3 till 5. 
The practical meaning of TTC is that if two vehicles do not change their 
driving speed, the length of time it will take before they will collide. For determining 
TTC values, Minderhoud and Bovy (2001) used trajectories of vehicles in a certain 
time period on a specific road length. They concluded that the minimum TTCs, 
which may happen during the continuous measurement time, can be calculated. They 
also introduced two new safety indicators (TET and TIT), which will be discussed in 
the following section.  
Extended Time to Collision (TET, TIT). Time Exposed TTC and Time 
Integrated TTC indicators are related to TTC, and have been suggested by 
Minderhoud and Bovy (2001). Time Exposed TTC, represents the time that the TTC 
value remains below the demand of the TTC threshold. The other indicator is Time 
Integrated TTC (Bonte et al., 2007), which is an integral value of the TTC profile 
once the TTC is below the threshold. TIT can present an index of severity while TET 
cannot. For instance, it is possible to have the same value of TET for a higher or very 
small value of TTC. These indicators can give a deeper insight into the collisions. A 
surface in the TTC profile presents TIT, and the higher TIT shows, the worse result 
for the road safety. Related formulas are shown below: 
 63 
Chapter 2: Literature review and preliminary tests 63 
TET0∗ = 1 δ0t. τ234567  
δ0t = 8 0                                              else1              ∀0 ≤ TTC0t ≤ TTC∗ 
δ0t is a switching variable. TTC* is in seconds. τ23 is time step. For the population 
of N drivers (i=1…N) the total TET* is: 
TET∗ = 1 TET0∗?067  
TET could also be presented per user class (M. M. Minderhoud & Bovy, 2001). 
 TIT∗ = ∑ B [D7E&6) TTC∗ − TTC0]G ∀0 ≤ TTC0 ≤ TTC∗ 
 
PICUD. PICUD (Potential Index for Collision with Urgent Deceleration) was 
introduced by Uno et al. (2005). They believe that PICUD can solve a TTC weak 
point. TTC can be used in a situation where the leader vehicle with the higher speed 
cannot be identified, while PICUD can indicate safety risk in that situation. “PICUD 
is an index to evaluate the possibility that two consecutive vehicles might collide 
assuming that the leading vehicle applies its emergency brake. PICUD is defined as 
the distance between the two vehicles considered when they completely stop” (Uno et 
al., 2005). 
The two parameters required to predict PICUD are Reaction time and 
Maximum Deceleration Rate. Uno et al. (2005) assumed 1 second for the reaction 
time and 3.3 seconds for emergency braking till a complete stop, in their study on a 
weaving section.  
 
IBTR, PBTR. Aron M. (2003) introduced two other indicators: IBTR 
(Individual Braking Time Risk) or G-value and PBTR (Platoon Braking Time Risk) 
or J-value. IBTR stands for the likelihood of a rear-end crash if the leading vehicle 
stops. The speed of the vehicle and its gap behind the vehicle in front are two 
parameters that determine G-value. The higher the speed and shorter the gap is, the 
higher G-value is: 
Gi = MAX M0, logP Q Tb2. Gap0VW = MAX M0, logP Q12 . Vi|γ[\| 1Gap0VW 
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In the above equation, γmax, Vi, Gapi are the maximum deceleration rate, 
velocity, and time gap of the subject car respectively. Tb is braking time. In this 
equation, γmax is different for different pavement conditions depending on the 
meteorological conditions and speed limit of the section. If a vehicle observes the 
standard gap time and respects the speed limit, the G-value for that particular vehicle 
is zero (Pham & Chung, 2007). 
In real traffic streams the risk of collision is higher within the platoon. The risk 
of collision for each vehicle inside the platoon is accumulated by the preceding 
vehicle risky events. For this reason, PBTR (Platoon Braking Time Risk) or J-value 
for vehicle i in a platoon is described as follows: 
] For leader in the platoon:                                 J1  = 0For vehicle “"”: if G i > 0       g " = h " + g" − 1If    G i = 0;                                                                  Ji = 0 
PBTR is an accumulative risk indicator; however it vanishes as soon as the 
vehicle is in a safe situation. J-value can be obtained from loop detector data on 
motorways, providing the individual speeds and gaps of passing vehicles. 
Discussion 
After CF, the second critical manoeuvre in motorway safety is Lane changing 
(LC). Lane changing, as previously argued, affects sideswipe and angle conflicts 
more. In this chapter, LC is the second sub-task. However, the same safety indicators 
can evaluate motorway traffic safety for either CF or LC models, because the chosen 
indicators need spatial or temporal nearness between vehicles, which can happen in 
either CF or LC models. Another interesting point is discovering if microscopic 
simulation models can create similar traffic flow performance measures such as 
occupancy, speed or headway variances in adjacent lanes. If we can create similar 
traffic flow performance measures, would the model be able to create a similar 
frequency of conflicts for LC? 
2.4.2 Safety indicators validity  
 
Gettman et al. (2008) in an inclusive validation of SSAM software  compared 
the software with  other crash prediction methods  based on  traffic factors (e.g. 
ADT), geometric design and control design of a particular traffic facility. They 
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modelled several case studies and compared the conflict analysis of SSAM with the 
crash prediction models. Some cases showed agreement while others did not. 
Gettman came across contradictory results where a number of cases show a higher 
frequency of conflicts while having less average severity of conflict values. They 
also found that the safety level of two alternative designs may change with different 
traffic volumes. Furthermore a significant number of virtual crashes occur by the 
simulation models at intersections. As a result of such complexities, a composite 
normalized index of severity and frequency was deemed as necessary. However, 
these contradictions partly refer to the inaccuracy of the simulation models used 
(Aimsun, VISSIM, Paramics and Texas). 
Accident statistics ensure the validity of chosen safety indicators. Many traffic 
safety indicators have been proposed, but few have been validated (Songchitruksa, 
2004). Traffic Conflict Technique (TCT) has been investigated for around 40 years. 
Although some authors like (Salman & Al-Maita, 1995) verified the validation of 
TCT, others such as Williams (1981) could not find a reliable relationship between 
crashes and conflicts. Williams believes that the reason for this is the lack of a 
standard operational definition for both conflicts and crashes. However, Shoarian-
Sattari and Powell (1987) demonstrated that there is meaningful correlation between 
acceleration noise and mean velocity gradient in relation to crash risk. 
Hauer and Garder (1986) have a different approach for validating safety 
indicators. They argue that TCT should be treated as an analytic and evaluative tool 
rather than a crash predictor. TCT should have an unbiased estimation with the 
smallest variation, and validation should be based on a comparison between the 
estimation differences.  
There are difficulties in acquiring and using traffic safety indicators. 
Songchitruksa  (2004) categorizes these difficulties into two divisions: measurement 
and evaluation. He argues that accuracy and efficiency are two challenges within the 
measurement stage, and the accuracy of measurements could be improved by 
eliminating the human observer. Songchitruksa (2004) states that due to the 
complexity in measuring some indicators such as TTC, simulation has been proposed 
in some research. However, “the obvious shortcoming of measurements extracted 
from simulation is that it by no means assures that the actual field conditions are 
being replicated”. Efficiency of measurement refers to the resource demanded by the 
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indicator, and an accurate TTC needs to track the involved vehicles every instant, 
which makes it impossible to use TTC in real time (2004).  
The second difficulty would be the evaluation of safety indicators against real 
crash data. Songchitruksa (2004) counted three reasons for this problem: 
measurement error, arbitrary threshold specification for certain measures, and the 
assumption of constant risk across locations. Even by mitigating measurement errors 
using technologies such as image processing, the determination of relevant 
thresholds still remains a controversial issue. From the pyramid widely used by 
traffic researchers in Figure 16 , it can be concluded that the less dangerous an event, 
the more frequently it happens in traffic. Of course, not all events are important in 
terms of traffic safety. The highest part of the pyramid represents the most dangerous 
events that occur less frequently. 
 
Figure 16: Continuum of traffic events 
The thresholds should clarify the dangerous level, for example less than 1.5 
seconds for TTC or 3 seconds for PET (Songchitruksa, 2004). Songchitruksa (2004) 
illustrated that “a threshold is invariably chosen as constant and usually arbitrarily”. 
He also observed that having the wrong threshold level can affect a whole study 
including the collection and assessment of data. The only advantage of having a 
constant threshold may be its simplicity. 
Songchitruksa (2004) discussed that the following equation was the purpose of 
past research: 
% = j. k 
Where C is crash frequency per year, k is coefficient (normally estimated by 
regression) and E is a surrogate measure (non-crash event) which is sometimes called 
exposure. Using this equation, Songchitruksa questions what will happen in a 
location where there has been no crash in the past (C=0). This means that E should 
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be 0 which should apply to other locations, which is not likely. He concluded that the 
above should be calibrated for each location even if they are identical. In keeping 
with these discussions, this research focuses on the use of safety indicators for safety 
assessment.  
Each of the suggested indicators should implement the ambition in real life. 
Because the focus is on straight motorway segments, they need to be applicable to 
this type of carriage way. The indicators should also explain risky events in the field 
and their frequency should make sense in relation to the pyramid discussed earlier. 
The threshold should separate the dangerous events, and severity also has to be 
applied to the indicators. This study will determine the thresholds after looking at 
real data. For instance, the TTC values in Figure 17 were determined after the pilot 
study on a motorway in Brisbane, Australia. They show that, depending on the 
threshold, there can be a number of different dangerous events. In the literature, 4, 
3.5, 3 and 1.5 seconds were used. The most important factor is that they should 
explain serious dangerous events. Looking at those events in detail might provide 
more insight to make a better decision about the critical thresholds. 
 
Figure 17: TTC values in one location Pacific motorway in Brisbane 
Rear-end crashes are investigated, therefore CF is of interest. If any 
microscopic simulation model aims to emulate real traffic safety problems, there is a 
real demand for a more accurate CF model.  
Distribution diagrams can be used to identify the most accurate threshold for 
each indicator. Among other safety-influencing factors, the following metrics are 
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also considered: 1- Speed (involved vehicles’ speed profile, speed variation, mean, 
and absolute values) 2- Headways (mean, distribution, critical headways) 
 
2.5 AN EXPERIMENT ON A CURRENT MICROSCOPIC SIMULATION 
MODEL  
 
In previous sections a complete coverage of the main microscopic simulation 
model parameters is presented. Furthermore the MMS are discussed and main 
features are introduced. Finally safety indicators are introduced as appropriate 
measures for evaluation of the microscopic simulation models’ safety. To test current 
microscopic simulation models and their safety perspective, it is important to 
undertake a simulation test using real data and to determine how accurate they are in 
terms of proximal safety indicators. The details of the used real data, the simulation 
process and the results of a comparison are explained in the following sections.  
2.5.1 The real data 
 
The observed data is provided by Queensland Department of Transport & Main 
Roads (QDTMR). It includes eight days of loop detector data collected from specific 
cross sections of the Pacific Motorway in Brisbane. The data is based on individual 
vehicles. Figure 18 shows the locations of the data collection. The loop detectors 
collected information for each individual vehicle. 
 
Figure 18: Data collection location (Brisbane Pacific Motorway, Vulture street overpass) 
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2.5.2 The simulation model 
 
To simulate the motorway section, the widely used microscopic model, 
Aimsun (TSS-Transport Simulation Systems, 1997) has been chosen. QDTMR also 
uses Aimsun to model the Brisbane motorway network. A comprehensive calibration 
process on capacity, speed and headway for both global and local parameters is 
conducted.  
2.5.3 Calibration of the model  
The distribution results obtained from speed, headway and lane utility provide 
a greater comprehension of the traffic characteristics of the case site, and form the 
basis for calibration. However, calibration is a continuous process of adjustments of 
influence parameters which eventuate in a never–ending circular process. Therefore, 
a planned approach coupled with knowledge of distribution results (as identified 
above) is required to achieve a suitable model that meets the desired objectives.     
The calibration strategy for this project is characterised by two key features, i) 
use of consecutive sub-tasks to make the simulation model closer to the real traffic 
situation and ii) use of stop criteria for each sub-task to ensure that they are tuned 
optimally. A set of parameters is used for each sub-task. The calibration process is 
presented in Figure 19. 
 
 
 
 
 
 
 
 
 
 
 70 Chapter 2: Literature review and preliminary tests 
 
  
 
 
Figure 19: Calibration process  
The sub-tasks of calibrating capacity, speed distribution, lane utilisation and 
headway distribution enable the simulated model to reflect observed traffic 
conditions on the case motorway locally.  Headway calibration also ensures that the 
traffic safety aspect of the simulated model is ensured. The Aimsun model allows 
three kinds of parameter to be adjusted; global parameters, road section parameters 
and vehicle parameters. Of these, road section parameters are local parameters. In 
any calibration subtask, the parameters which have been tuned in the previous 
subtask will be used as a starting point. 
Simulation model: Input data 
Based on the network build, the geometric structures of the assigned sections 
were cross-checked. The data used as input for the model include mean vehicle 
length of 4.65m, mean vehicle width of 1.75m (Austroads 2007); section lengths (m) 
and speed limit (km/hr) as per DTMR database.  
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Tuning parameters 
The model parameters that have been adjusted are reaction time (sec.), 
simulation time step (sec.), maximum desired speed (km/hr), speed acceptance, 
maximum acceleration (m /s2), percent overtake, percent recover, distance zone 1 
(sec.), distance zone 2 (sec.), look ahead distance (m), normal deceleration (m/s2) 
and car following model. These parameters are selected based on their direct effect 
on selected sub-tasks and in accordance with calibration objectives. Table 3 shows 
the parameters adjusted according to their category. 
Table 3: Model parameters as offered in Aimsun 
Parameter Groups Parameter 
Global Parameters Reaction Time 
Simulation step 
Different Car Following versions 
Percent overtake 
Percent recover 
Section Parameter Look ahead section number 
Distance zone 1 
Distance zone 2 
Vehicles Parameters Maximum desired speed 
Maximum acceleration 
Speed acceptance 
Acceleration rate 
Normal deceleration 
Sensitivity factor 
To determine each parameter setting results, both aggregated and disaggregated 
criteria are considered. At the aggregated level, the average and deviation have been 
used as these are the most effective criteria. At the disaggregated level, Root Mean 
Square Error (RMSE) percentage was the chosen statistical test. The RMSE is the 
square root of the variance of the residuals. 
 Where xi: simulated value yi: real value at time i 
The process is a very extensive one; more details for it are provided in Rahman 
et al. (2011). Table 4 illustrates the results of the calibration process and only shows 
the parameters that have been found to be influential. The calibration process of the 
Pacific Motorway is part of the ‘Evaluation of Queensland Managed Motorway 
systems’ project (Rahman et al., 2011). 
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Table 4. Parameters that have been tuned 
Calibration 
stage Parameter Calibrated result 
Capacity 
Reaction time 1.2 
Simulation step 0.6 
Speed 
Max Desired speed M
ea
n
 
D
ev
 
M
in
 
M
ax
 
110 10 50 157 
Speed acceptance 1 0.12 0.7 1.5 
Acceleration rate 2.8 
Headway Normal deceleration 2.5 
 
This experiment uses loop detector data. All safety indicators are calculated on 
the assumption that the lead vehicle, after passing the loop detector, maintains the 
same speed until the follower vehicle also crosses the loop location. 
2.5.4 Observed versus simulated safety metrics 
  
After model calibration, the study platform is ready to compare the proxy 
safety indicators in both real and simulated models. One lane in the northbound 
direction is selected for the comparison phase. The results of the comparison phase 
are presented in Figure 20, and Table 5. They illustrate that Aimsun is unable to 
create short headways. Similarly average speed deviation in Aimsun is much lower 
and safer than observed data below the volume of 1300 vph. Speed variation is an 
essential safety factor in traffic flow. 
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Figure 20: Comparison of headways and average speed differences of observed and simulated data 
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a)  
b)   
c)  
d)  
Figure 21: Comparing real and simulation results for a) TTC b) PIUCD c) IBTR d) PBTR 
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 Table 5. Comparing real and simulation results, the values are critical events per hour per lane 
Safety indicator Flow  (vph) <500 500-800 800-1000 1000-1300 1300-1600 
Spd Dev (m/s) 
Simulated 9.3 9.0 8.8 8.9 9.2 
real 7.6 6.4 6.9 8.6 10.0 
TTC < 3.5 sec /hour 
Simulated 0.0 0.3 0.2 0.7 1.1 
real 0.0 0.4 0.8 2.4 3.2 
PICUD < 0 per hour 
Simulated 1.8 3.0 8.0 17.4 21.4 
real 12.8 89.0 122.2 123.5 44.3 
IBTR > 1 per hour 
Simulated 0.8 0.9 1.9 3.7 4.7 
real 2.9 25.3 38.0 42.7 13.6 
PBTR > 1 per hour 
Simulated 2.5 3.1 7.1 18.7 25.6 
real 3.8 42.0 66.1 83.5 29.9 
 
Additionally Figure 21 and Table 5 illustrate the comparison of observed 
versus simulated safety indicators. In Figure 21 and Table 5 almost all indicators of 
risky behaviours are highly underestimated. This is related to the pre assumptions 
made on the safe behaviour of drivers in the microscopic sub-models, such as CF or 
LC inside the Aimsun model. The Gipps CF and LC models have been used in the 
Aimsun model. The Gipps CF model always assumes that a driver takes a safe 
distance behind the preceding driver. It should be noted that the Aimsun Gipps 
model is a variation from the original Gipps model. So if the vehicle in front takes 
his maximum desirable braking rate, the subject driver would be able to stop safely 
(Gipps, 1981). This may not happen in a real situation. The same presumptions about 
the safe behaviour of drivers are also applied in the LC model. However Aimsun 
emulated the IBTR and PICUD slightly better than the other measures such as TTC 
and PBTR. Table 5 also indicates the frequency of the critical safety events in 
different traffic volume ranges. 
2.6 DIRECTIONS FOR THE IMPROVEMENT OF THE CURRENT CAR 
FOLLOWING MODELS 
 
Varieties of the available CF models such as the Gipps, OVM, Psycho-
physical, Cellular automata, GHR and so on, cover a part of real driver behaviour. 
However to make these models stable almost all had to assume a safety factor. Any 
CF model which demands a better safety metrics reproduction needs to re-examine 
these assumptions. They should also increase the other important safety-related 
model parameters. In this section, possible improvements for the CF models are 
discussed. Firstly, the normative and general model structure and secondly, the 
human error mechanism involvement in CF models are argued.  
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Most of the parameters in the current CF models are assumed to be sampled 
from normal distribution with a specific mean and deviation. However the real driver 
behaviour parameter distributions are not normal, and this makes CF model 
parameters not precise. Yang and Peng (2010) illustrated that the driver acceleration 
distribution is asymmetrical and suggested an extreme value distribution for that. 
Moreover, using a naturalistic CF data, they demonstrated that the distribution of 
accelerations that drivers use in the CF situation depends on the space gap with the 
vehicle in front.  
The simulation step is another crucial factor in the performance of the CF 
models. In most of the CF models, drivers respond to any action of the leader in 
every simulation step, which in the real-world does not occur. Drivers may adjust 
their time headway in longer intervals. In addition, humans cannot perceive every 
change in speed or space below some specific thresholds. Psycho-physical models 
seem to be more adapted to reality in this area. The simulation step also limits 
application of an accurate reaction time in the model. 
The next controversial issue in the CF models, which should be addressed, is 
the reaction time. Most of the CF models assume a fixed value as reaction time. 
Reaction time is responsible for perception, recognition and decision making and 
human neural-muscle delay time. Reaction time not only varies for different people, 
but also can vary for one particular driver during a driving task. Another delay that 
most CF models ignore is vehicle delay; the vehicle dynamic system also has a delay. 
Overall, the explanation of each of the reaction time components to a random base 
variable potential assists in CF model accuracy. 
There are other terms that also could reduce the models inaccuracy, namely 
applying oscillation phenomenon and driver anticipation ability. “When a driver 
cannot perceive any relative motion between the subject vehicle and the 
vehicle in front, he will use oscillation acceleration and deceleration rates to 
maintain the distance headway in relation to the front vehicle (Xin et al., 
2008).” In real driving, the acceleration rate is almost never zero. Even if the driver 
takes no action, pavement friction, wind power and pedal displacement can still 
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cause small acceleration. The anticipation ability of drivers is another factor that 
some studies (Lenz et al., 1999) included in their model. Drivers may react to a few 
vehicles more than their immediate leader. This anticipation ability may cause such 
drivers to have shorter headways. 
Apart from the real nature of the CF situation, a further important issue for 
traffic safety is driver error. This includes errors in perception, judgment, distraction, 
and delay in reaction time. Errors in real data have a stochastic nature. To know the 
frequency of the occurrence of each, the nature of them should be understood. 
Consequently their arrival time in the simulation model can be introduced. 
Understanding and introduction of human driving errors nature is a feasible 
task. The driver errors can be extracted from real trajectory data. For instance in 
distraction, any speed outside of the predicted standard deviation could be assumed 
as the distraction error (H. H. Yang & Peng, 2010). The distraction causes 30% of 
police reported crashes (Stutts et al., 2003) in US, and the cause of distraction could 
be anything inside the vehicle, like cell-phones or conversation with other 
passengers. Delay time also can be investigated when examining the delay between 
vehicle actions in the vehicle trajectories. The random nature of this error can 
therefore be derived.  
Figure 22 shows an inclusive modified CF model prototype that potentially can 
be applicable for traffic safety studies. It can be seen that the randomness and delays 
are the components that need more consideration. On the other hand, human errors 
inclusion is not only crucial here but an important part of any safety adapted CF 
model. 
 
 78 Chapter 2: Literature review and preliminary tests 
 
Figure 22: The modified model framework in the direction of safety studies expectation 
2.7 CONCLUSIONS 
Evaluating the safety of any traffic facility is possible using a more accurate 
microscopic simulation model. Such a model can proactively predict locations that 
have higher risks. Safety impact assessment of any ITS application would also be 
possible using a more accurate microscopic simulation model. Any before-after study 
becomes possible without the need to apply real changes in the field. This chapter 
clarified the use of microscopic simulation models to evaluate safety dynamically, 
and emphasized the demand for a new generation of safety adapted microscopic 
simulation models. This chapter examined existing microscopic simulation models 
from a safety perspective. The general structure including the parameters and rules 
that govern the microscopic sub-models (particularly the CF and LC models) 
associated with safety related actions was also identified. Overall it is concluded that 
the current general purpose microscopic models do not provide an appropriate 
resolution for safety study purposes. Examining microscopic simulation model 
structure showed that most factors in the microscopic simulation models affect 
safety; specifically the main parameters in CF models of desired speed, headway, 
acceleration and deceleration and also reaction time have direct effects on safety 
measures. 
A literature review on MMS also showed that there is sufficient evidence from 
different experiments across the globe to indicate that they can improve safety. On 
the other hand, current microscopic simulation models are not accurate enough to be 
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used for the evaluation of such systems in terms of their impact on traffic safety. A 
comprehensive review of the safety indicators and their applicability in microscopic 
simulation models identified that the relationship between the model parameters and 
safety indicators as the outcome of the simulation model is complex and specifically 
needs to be investigated. A few safety indicators were used to investigate CF 
manoeuvres for straight segments of motorways. They can show the individual 
conflict risks. It is also found that safety indicator distribution diagrams can identify 
the most reliable thresholds for each indicator (Figure 17). 
 Simulated safety indicators from existing microscopic simulation models vary 
significantly, depending on the different sub-models they used, such as different CF 
models. Therefore, it is necessary to make the behavioural sub-models more realistic 
in the microscopic simulation models. Severity and frequency of safety indicators 
need to be reproduced by simulation models in agreement with the real data. Having 
a simulation model, which can reproduce the safety indicators frequency and severity 
as it occurs in real traffic, can be a reliable tool to be used for traffic safety studies. 
Reliability of the safety indicators and other safety-influencing factors has been 
identified as a platform to measure each model’s success.  The Aimsun microscopic 
model was selected to test its ability for traffic safety. It was observed from a 
motorway study in Brisbane, Australia that almost all of the critical safety indicators 
are underestimated compared with the observed data. The conclusion is that the level 
of resolution and realism of current general purpose simulation models needs to be 
improved. 
Improvements in microscopic models, specifically CF models, can focus on a few 
directions. Firstly, the existing CF models usually focus on the reproduction of 
aggregate measures such as density or traffic breakdown. For safety studies the CF 
model needs to emulate more safety-related measures, such as headways and TTCs. 
Re-examination of the unrealistic model safety assumptions and improvements of the 
other important safety-related model parameters is necessary. Therefore, normative 
and general models’ structure needs to be revised. On the other hand, the more a CF 
model explains human actions during driving tasks, the more suitable is the CF 
model for safety studies. Hence the human error mechanism involvement in CF 
models is important and it should be modelled to identify the safety risks, demanding 
further research on the nature of the errors. 
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The literature review and the preliminary experiment in Chapter 2 indicated 
that traffic safety studies demand more than current microscopic simulation models 
can provide, as they presume that all drivers exhibit safe behaviours. All the 
microscopic traffic simulation models include a car following model. Chapter 2 has 
also showed that the more a CF model explains human actions during driving tasks, 
the more suitable is the CF model for safety studies. This chapter used the Gipps CF 
model as a platform to build a new CF model with more insight into human 
psychophysical abilities. It highlighted the limitations of the Gipps car following 
model ability to emulate driver behaviour for safety study purposes. A safety adapted 
CF model, based on the Gipps CF model, is proposed to simulate unsafe vehicle 
movements, with safety indicators below critical thresholds. The modifications are 
based on the observations of driver behaviour in real data and also psychophysical 
notions. 
NGSIM vehicle trajectory data is used to evaluate the new model and short 
following headways and TTC are employed to assess critical safety events within 
traffic flow. Risky events are extracted from available NGSIM data to evaluate the 
modified model against them. The results from simulation tests illustrate that the 
proposed model can predict the safety metrics better than the generic Gipps model. 
The outcome of this chapter can potentially facilitate the assessment and prediction 
of traffic safety, using microscopic simulation. 
 
3.1 INTRODUCTION 
The CF model has been used in new technologies, such as Advance Vehicle  
Control Systems, to mimic driver actions (Mark Brackstone & McDonald, 1999). 
According to Lee and Peng (2005) the Gipps model performs better than other CF 
models such as Psychophysical, Cellular Automata, GHR, and IDM in terms of  the 
precise traffic metrics such as headway and speed deviation. As a result, the Gipps 
model is chosen to be further modified. The Gipps CF model is examined for its 
abilities for safety study purposes. The Gipps CF model is broadly used in 
microscopic software. Lee and Peng (2005) stated that the Gipps CF model best 
presents driver behaviour,  and simplicity of the model is another advantage. 
Wilson’s (2001) investigation on the Gipps model is more on its physical and 
mathematical properties. Therefore, he focuses on the stability of overall flow for a 
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very simplified version of the Gipps model. For example, in his paper, he assumed 
that all drivers are the same. Wilson (2001) does not contribute greatly to the 
numeric and probabilistic dimensions of the Gipps model that is this research is the 
main stream of all the experiments. His contribution is more in the mathematics 
dimensions and in explaining stability of a flow system. 
Two of the most common types of motorway crashes are rear-end and 
sideswipe crashes. In real traffic situations, frequent near crash events called 
“surrogate safety measures” or “safety indicators” can be used instead of real 
crashes. Rear-end crashes are the interest of this chapter, and therefore CF will be 
examined rather than lane changing models. Hence, in order to assess safety in 
microscopic simulation models, TTC and short following headways are preferred, 
which directly show the crash risk metrics.  
 The following section explains the methodology of the research including; the 
used of real data, the Gipps CF model structure and calibration process of the 
simulation models. The third section demonstrates the Gipps model performance and 
specifically analyses Headway and TTC reproduction. In the fourth section, based on 
the observation of the Gipps model’s results, modifications are proposed which lead 
to the development of the Safety Adapted Car Following model (SACF). The SACF 
model performance indicators are compared with the generic Gipps model. 
Additionally the improvements of the safety indicators reproduction using the SACF 
are illustrated. The last section presents the summaries and conclusions and 
highlights the robustness of the proposed model. 
3.2 NGSIM DATA 
NGSIM program collected comprehensive vehicle trajectory information on 
southbound US 101, Hollywood Motorway, in Los Angeles, CA, on June 15th, 2005. 
The area covered was roughly 640 meters in length and included five mainline lanes. 
In this chapter, 15 minutes of data are used: from 7:50 to 8:05 a.m. including around 
3000 vehicles. Figure 23 illustrates the NGSIM study area. 
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Figure 23: NGSIM study area schematic and camera coverage at US 101 Motorway 
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Figure 24: NGSIM study area map at US 101 Motorway 
 
Figure 25: Detectors locations on the NGSIM study area at US 101 Motorway 
This section provides further details from the NGSIM data. The information 
that is presented is either from documents provided by US Department of 
Transportation FHWA (2009), or our analysis on their raw data from trajectories or 
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loop detector data. We have reproduced the Speed-Volume diagram from the raw 
detector data from NGSIM (Figure 26-Figure 28). Each dot shows 5 minutes average 
data and belongs to a 24 hour period on 15th June. The red dots show the time where 
the detailed NGSIM trajectories are collected 7:50-8:10. 
 
Figure 26: The Speed-Flow diagram from detector ID 71489, located at the upstream of the coverage 
area. Each dot shows 5 minutes average data belongs to 24 hours at 15th June. The red dots shows the 
15 minutes time where the detailed NGSIM trajectories are collected 7:50-8:10. 
Upstream detector data does not cover the median speeds between 30 and 60 
miles per hour, it is because the queue has formed and vehicles are waiting to make 
their turn at downstream. The data is in a stop-and-go situation. Figure 27 illustrates 
that all range of speed exist, but at 7:50 till 8:10 where the trajectory are collected, it 
is in free flow. Figure 28 shows that at 7:50 the queue discharges (red dots). Overall 
the data is located in a stop-and-go situation at downstream of the NGSIM study 
section. 
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Figure 27: The Speed-Flow diagram from detector ID 71489, located at the midsection of the 
coverage area 
 
 
Figure 28: The Speed-Flow diagram from detector ID 71489, located at the downstream of the 
coverage area 
 
 
Table 6 and Table 7 show the NGSIM aggregate flow and speed for each lane and 
Input-Output Analysis. In these tables, lane 1is the leftmost lane, lane 5 is the 
rightmost,  lane 6 is the auxiliary lane, lane 7 is the on-ramp lane and finally, lane 8 
is the off-ramp lane. 
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Table 6: NGSIM Aggregate Flow and Speed for each lane (US Department of Transportation FHWA, 
2009) 
 
Table 7: Input-Output Analysis in NGSIM data (US Department of Transportation FHWA, 2009) 
 
Figure 29 and Figure 30 illustrate lane change analysis in the NGSIM data  (US 
Department of Transportation FHWA, 2009). Figure 29 shows that 1700 vehicles 
had no lane changes. About 300 experienced one lane changing and about 50 
vehicles had two lane changes. 
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Figure 29: Lane Change Analysis in the NGSIM data  (US Department of Transportation FHWA, 
2009)  
 
 
Figure 30: Number of lane changes 
 
To see the relation between headways and TTCs, in Figure 31 the related 
headway and TTC in NGISIM has been scattered. This diagram shows that in very 
short headways, more critical TTC happens. 
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Figure 31: TTCs Vs Headway in the NGSIM data 
The question which arose here, was that is there any particular situation in real 
traffic in which more critical safety indicators are happening? Or, in other words, is 
there any way for us to recognise a pattern for risky events in the NGSIM data? For 
this reason, in Figure 32 to Figure 35, we have explored NGSIM data more precisely. 
The data has been explored for different lanes. The lanes behave in a similar way, 
except for the adjunct lane to the ramp entrance and exit. Here for example, lane 4 
characteristics are illustrated and Figure 32 clearly shows the resultant shock wave. 
Figure 32 illustrates that high speed traffic (green and yellow colour) 
encounters the low speed area (dark blue).  This encountering area potentially could 
be the area with a higher number of critical safety indicators. Therefore, Figure 33 
illustrates short headways as a safety indicator in this particular area. The figure 
shows that the short headways do not necessarily occur in the shockwave area. They 
mainly happen at the end of our freeway section, which might not be entirely 
accurate, since it is at the edge. On the other hand, some vehicles in particular drive 
quite closely to their leader (one singular trajectory that experiences much blue 
colour). This can indicates aggressive drivers.  Additionally, Figure 34 shows TTCs 
in the time space diagram. Though short TTCs are randomly occurring, we can find a 
more dense area around the shock wave. Figure 35 indicates severe braking areas. 
The shock wave area on average has a more severe deceleration rate applied by 
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drivers. However in a quite random nature, drivers use high deceleration rates in the 
NGSIM trajectories, in any point of the road. Overall, according to our observation 
throughout these figures, a particular pattern of higher critical safety events’ 
frequency cannot be detected. 
 
Figure 32: Space –Time diagram, showing speed by colour map from NGSIM trajectory data in lane 4 
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Figure 33: Space –Time diagram, showing short headways by colour map from NGSIM trajectory 
data lane 4  
 
Figure 34: Space –Time diagram, showing short TTCs by colour map from NGSIM trajectory data, 
lane 4 
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Figure 35: Space –Time diagram, showing sharp deceleration by colour map from NGSIM trajectory 
data, lane number 4 
3.3 MODELLING  
3.3.1  Gipps CF Model  
The base CF model in this chapter is Gipps CF model, which proposed speed 
according to Equation 12. Gipps (1981) assumes that the follower car can estimate 
all the parameters with the exception of b(). He proposed to use bl  instead of b(), 
and did not explain what this amount in reality can be.  
Equation 2:  vt + τ = min 8vt + 2.5aτ1 − vt/
V)p7.7Pqrst(5)ut  , bτ +
pbPτP − b[2[ x()(t) − s() − x(t)] − v(t)τ − v()(t)P/bl]v  
a: Maximum acceleration(m/s2); b Maximum deceleration(m/s2); s: vehicle 
size(m); V: Desired speed(m/s); x(t): vehicle location t; v(t): the speed of vehicle 
n at time t (m/s); τ: the apparent reaction time(sec), bl: the driver of vehicle n 
estimation about bn-1. Gipps implements an extra safety margin to calculate a safe 
distance θ= τ /2(sec).  
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3.3.2 Calibration and Validation 
The major focus of this research is CF behaviour; among the available 
trajectories from NGSIM, those where either themselves or their leader experience 
lane changes were omitted. Remaining are 251 trajectories and the rest of the study is 
applied to these trajectories. All these 251 vehicles should have at least one TTC 
below 3 seconds, which is considered a low TTC value i.e. implying higher risk. 
Vehicles should have headways of less than 1.50 seconds. 
For the optimization process, the sum of UTheil’s Inequality Coefficient for 
both speed and following distance as an objective function in Equation 3 is 
minimized. Hourdakis et al. (2003) stated that UTheil’s Inequality is more sensitive 
and accurate than a goodness-of-fit measure. Xin et al.(2008) used Theil’s Inequality 
Coefficient for the calibration of their CF model too. Some research also 
simultaneously calibrates speed and space (Vladisavljevic et al., 2007). Therefore 
speed and spacing are calibrated at the same time to gain optimum reproduced 
headways. 
Equation 3: 
wxyz{| = p
1} ∑ ~+y& − +&x& P&6)
p1} ∑ +y& P&6) + p1} ∑ +&x& P&6)
+
p1} ∑ ~y& − &x& P&6)
p1} ∑ y& P&6) + p1} ∑ &x& P&6)
 
v2s: Observed speed v20: Simulated speed x2s: Observed spacing x20: Simulated spacing }: Number of observation 
 
In this research a Genetic Algorithm (GA) is implemented to minimize the 
objective function for each trajectory and calibrated CF model parameters. At first 
instance the follower and leader location is reset to the real position and then by 
taking the leader’s trajectory and applying a different CF model, simulation is carried 
out to mimic the follower car. 
Two important measures were calculated to compare modelled performances: 
Firstly, frequency of the occurrence of critical safety events in the total simulation 
experiment was used. Although the magnitude and value of safety indicators can 
show the severity of an event, the frequency of occurrence of risky events has the 
 95 
Chapter 3: A Safety Adapted Car Following Model for Traffic Safety Studies   95 
same importance. Secondly, the errors in estimation of space, speed, acceleration and 
headway in every simulation step were investigated. For example the headway 
RMSE is the average of the error between the real follower car and simulated vehicle 
in every deci-second of simulation of all the simulated trajectory pairs. The RMSE is 
the square root of the variance of the residuals: 
k = p) ∑ ( P&6)   
Where: 
 x0: Simulated value 
 y0: Real value at time i 
 n: Number of observation 
 
3.3.3 Headway and TTC versus reaction time 
Evans (1991) defines headway as the time span between the leader’s front 
bumper passing a roadway cross section and the follower car’s front passing the 
same point. A number of driver guidance manuals and Governments’ regulations 
(Illinois, 2012; Vehicles, 2012) recommend to drivers to keep “two seconds” 
headway for safety reasons. This “two second rule” is because of driver reaction time 
(SWOV, 2007). Though the emergency stop needs more than two seconds, these two 
seconds are to ensure that emergency braking commences before vehicle spacing 
becomes too short.  
Apart from the driver’s reaction time, which is reported to vary between 
drivers from less than one second to about two seconds (Lamm et al., 1999), the 
braking distance is another critical distance that is important in a crash occurrence. 
The braking distance is mainly based on the vehicle speed (v). The emergency 
braking deceleration is about -7.5 /P and if the road surface is wet this will be -5 
/P. The braking time will be calculated as +/, therefore braking time linearly 
increases as speed increases. On the other hand, the braking distance has a quadratic 
relationship with the vehicle speed as  = +P/2. Therefore in a higher speed the 
braking distance increases to a much higher value. These formulations are based on 
the assumption that vehicles have constant acceleration and deceleration rate. Figure 
36, Figure 37 and Table 8 illustrate the emergency braking time and distance with 
one second reaction time on a dry road. For instance if in a motorway the vehicle 
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speed is 100 km/h the time taken by the car to stop is about 4.7 seconds, during 
which time it would have travelled 83  meters.  
Despite these facts, many drivers in every day driving follow their leaders with 
a much shorter headway, a behaviour called “tailgating” as has been discussed by 
Michael et al. (2000). Tailgating takes place where the follower is at a distance that 
makes it incapable to stop the vehicle on time (L. Evans, 1991). This is the case 
when the headway is shorter than reaction time. If we assume an average reaction 
time of 1 second, in the speed of 100 m/s, if the vehicle places in a spacing of 27 
meters or less, tailgating occurs. In the experiments of this research, we have 
considered headways of less than 1 second as short headways and safety risk events.  
 
 
 
Table 8: Emergency braking time and distance with one second reaction time on a dry road 
Speed Braking time 
(sec) 
Total time 
(sec) 
Braking distance 
(m) 
Total distance 
(m) 
10 0.4 1.4 0.5 7.0 
20 0.7 1.7 2.1 11.4 
30 1.1 2.1 4.6 16.7 
40 1.5 2.5 8.2 23.1 
50 1.9 2.9 12.9 30.5 
60 2.2 3.2 18.5 38.9 
70 2.6 3.6 25.2 48.4 
80 3.0 4.0 32.9 58.9 
90 3.3 4.3 41.7 70.4 
100 3.7 4.7 51.4 83.0 
110 4.1 5.1 62.2 96.5 
120 4.4 5.4 74.1 111.2 
130 4.8 5.8 86.9 126.8 
140 5.2 6.2 100.8 143.5 
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Figure 36: Emergency braking time with one second reaction time on a dry road 
 
 Figure 37: Emergency braking distance with one second reaction time on a dry road 
In the above, we have shown that the headway should at least be equal to the 
reaction time to ensure a driver is able to act in a timely manner in the event of an 
emergency brake. However, this is with the assumption that both the leader and 
follower vehicle have the same speeds. The safety risk increases when the follower 
speed is more than the leader car. In this case, 1 second headway will not save the 
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car. In such situations, where the follower speed is higher than the leader speed, TTC 
will be defined. For example if the speed difference between the two vehicles is 20 
km/h or 5.55 m/s, the extra time required for braking would be  ∆ = q.qq.q = 0.74 . 
Therefore driver would need extra headway to avoid a collision (see Figure 38). If 
the follower car speed is 100 km/h, ∆+ is 6 m/s  and the spacing is 18 meters, in such 
circumstances TTC will be 3 seconds.  Therefore we can see the importance of the 
TTC in gaining total understanding of the following situation and the safety risk that 
is involved. 
 
Figure 38: Emergency braking time with one second reaction time on a dry road and an extra need for 
braking because of the speed differences between following vehicles 
TTC can show severity of a short following headway. The values of short 
TTCs show much higher risk than the same headway value. For example, a TTC 
value of one second shows a much higher risk than headway equal to one second. 
Figure 39 illustrates that a short TTC usually happens in very short headways. For 
example, if the speed is 100 km/h and speed difference is 20 km/h, the TTC=2 
seconds occurs when headway=0.5 sec. Figure 39 also shows the reaction time of 1 
second. As it can be seen, in a short TTC situation, the time left to collision is shorter 
than even an average reaction time.  
To sum up, a short headway or tailgating phenomenon where a driver follows 
its leader with a shorter headway than his or her own reaction time, is where the 
focus should be on for evaluating safety in motorways. TTC also provides one more 
dimension to the short headway and illustrates a situation where a driver has an extra 
risk of collision and possibly a more severe conflict. Based on the above analysis, the 
focus of the study in the subsequent chapters will be on headway and TTC, as the 
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criteria for evaluating the success of micro simulation model in emulating traffic 
collision risks. 
In this work, the main safety indicators are headway= ∆\s  and TTC= ∆\∆s. It is 
important to understand the relationship between the two. Short headways occur 
more frequently than short TTCs. However, a short headway does not necessarily 
end in a crash, because it has to simultaneously happen with instability in the traffic 
where a driver cannot react on time. On the other hand, TTC includes both a short 
headway and instability. In other words, a short headway eventually needs to become  
a short TTC to cause any serious risk. Therefore short headways can show the 
potential risk of a crash in the case of any future instability, while TTC shows a 
present risk of crash. Any model that can present both of these indicators with a 
higher level of accuracy would be a better model to be used for safety analysis. 
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Figure 39: Headway values in different range of TTCs between follower and leader vehicle 
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in the speed profile in the second graph of the Figure 40 is that the Gipps model’s 
follower is closely following the leader car profile and any small movement of the 
leader vehicle will be unrealistically and exactly emulated. In the first graph of 
Figure 40, the Gipps model is not successful in mimicking shorter headways less 
than 0.5 second. The Gipps model in this particular trajectory pair of vehicles is good 
in the long headways, between 230 to 240 seconds. In Figure 40, the numbers of 
TTC events is also illustrated. For the frequency of TTC events below three seconds, 
the calibrated Gipps model does not have any TTC below three seconds.  
 
Figure 40: Headway, TTC and speed profile for a pair of following vehicles in the NGSIM 
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The question is, what is the smallest TTC if the Gipps model is applied? To 
explore how the Gipps model creates TTCs, a leader and a follower are modelled. 
Leader speed is fixed to 13 m/s, while in each scenario, follower speed is changed 
from 16 to 9 m/s. Figure 41-a  illustrates one example of these tests, in which the 
follower has a speed of 16 m/s. Speed is calculated simply from Equation 12 by 
changing spacing. It shows that the Gipps model, until a spacing of 20 meters, 
always predicts a lower speed for follower than leader to protect the safe distance. 
After 20 meters of spacing, a higher speed is given to the follower, which causes 
short TTCs. The minimum TTC is 6. In other words, once the Gipps model is 
applied, the minimum feasible TTC in simulation is about 6 seconds, which is not 
obviously a dangerous safety event. Based on these results, apart from the magnitude 
of TTC, it also is expected that the frequency of TTCs will be much less than reality.  
a)    
b)  
Figure 41: a) Speed Vs spacing and TTC b) the effects of θ on headway and TTC 
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Figure 41-b demonstrates another sensitivity analysis on a pair of following 
vehicles in the NGSIM data, showing the effect of the θ in the Gipps model 
(Equation 2) on headways and TTC. The results indicate that θ has linear effects on 
the headways, while a clear relationship between θ and TTC values cannot be 
observed. This shows that by adjusting θ, small headways can be reproduced in the 
Gipps model. TTC for point θ = 0.7 creates a TTC equal to 9 seconds that is still a 
very large and safe TTC and cannot be considered as a conflict. The irregularity of 
the minimum TTC is due to the TTC’s relation to the leader car speed (that is from 
observed NGSIM data) in every discrete simulation step, while headway is measured 
based on the follower car speed that is from the Gipps model. This makes outcome 
TTCs unpredictable, irregular and non-linear. However, it also shows that simply 
changing the safe distance parameters θ is not likely to reproduce real TTC. 
The Gipps CF model is implemented for the chosen NGSIM data (Figure 42). 
Different simulation steps are tested. In simulation step 0.5 second, the distribution 
of TTCs is most similar to a real distribution. However the frequency of TTC events 
is about 50% (Figure 42) of those observed. In the meantime that parameter θ is set 
to zero. This result is far from the actual frequency of the risky events in the real 
data. Figure 42-b illustrates a good agreement with the real distribution. By adjusting 
θ to zero and simulation step 0.5 second, the headway distribution is well matched. 
In the next step it is expected that applying a modification especially according to 
driver behaviour, can improve the Gipps model’s manner in producing TTCs. 
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a)  
b)  
Figure 42: Real vs. simulated TTC frequency and headway distribution for θ=0, simulation step=0.5    
3.5  THE PROPOSED MODIFIED CF MODEL 
This chapter serves to mimic traffic safety indicators. Applying three 
modifications to the generic Gipps model has led to the development of a modified 
CF model adapted for safety study purposes. This Safety Adapted CF Model (SACF) 
framework is presented in Figure 43. 
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Figure 43: The Safety Adapted CF Model (SACF) 
The details of each modification are discussed in this section. Modifications 
one and three are global and applied to the model in every simulation step, while 
modification 2 is local and affects specific points of each trajectory, and is effective 
on safety metrics reproduction. These three modifications enhance the ability to 
reproduce safety metrics that are close to reality. Despite the work of Hamdar and 
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the adjustments are proposed. The modifications also are supported by logical 
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3.5.1 First Modification: Human Perception Limitation 
The modification to the Gipps model is a psychophysical concept. By 
examining individual trajectories (Figure 40), this highlights that the real follower 
does not react to every small action of its leader. There are little fluctuations in the 
real follower while the follower in the Gipps model reacts to every small action of its 
leader. Humans cannot detect any small changes of speed or spacing under certain 
thresholds. For this reason, in this section a psychophysical notion saying humans 
cannot perceive speed differences under a specific threshold is applied. This 
modification to the Gipps model means the driver does not adjust their safe distance 
unless they perceive a recognizable change in speed. As a result Equation 4 is 
applied: 
Equation 4: + = +&          " ∆(∆()∆() ≥ 0.2+ − 1                                ℎ"  
This means that if the driver’s speed difference exceeds the driver cognition 
threshold, 0.2, the Gipps model should be applied to calculate the new speed 
otherwise the previous speed should be kept.  This modification notion is similar to 
the notion of ‘action point’ or fixed-point in (Michaels & Cozan, 1963; Todosiev, 
1963; Wagner & Lubashevsky, 2003). The range of 0.05 till 0.2 is reported in the 
literature for the noticeable speed difference (Brown, 1960; Harris & Watamaniuk, 
1995; McKee, 1981).  Based on the literature and a few simulation tests on the 
NGSIM individual trajectories, threshold 0.2 is chosen as an appropriate range. The 
modification obviously decreases the unrealistic noises in the speed profile (Figure 
44) and helps to create more critical TTCs, and it improves the speed and space 
profile. The Gipps model’s speed profile (Green) in Figure 44 is exactly mimicking 
the leader’s speed profile (Blue & Adler, 2001) with a reaction time delay. In real 
life, the follower car driver cannot accurately estimate the leaders’ speed to be able to 
mimic the same speed as the Gipps model does. Follower car in real life has a 
fluctuated speed profile and usually has very rough estimation from its leader speed. 
The modified speed profile (red dashed profile) in Figure 44 is fluctuating wider than 
the Gipps model and therefore is a better match for the real life driving experience. 
For example, the modified model’s speed profile (red dashed), at second 100 and 
108, shows an extra delay in reacting to the leader’s speed changes because the speed 
difference for the follower is below the driver’s recognition threshold and therefore 
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increases speed at t=100 and decreases speed at t=108 much later than the Gipps 
model(green). 
 
Figure 44: The Gipps model vs. the psychophysically modified Gipps CF model   
3.5.2 Second Modification: Driver Reaction Delay  
Examining the number of trajectories highlights that there is an extra delay for 
the follower drivers when they stay in a stable driving phase for a while (either at a 
constant speed or in an acceleration phase) and then in a sudden change need to turn 
to a deceleration phase. A follower’s extra delays are illustrated in Figure 45 by 
circles. This notion is commonsense. Humans placed in a fixed situation for a period 
of time are not ready to react in their minimum reaction time. As a result of these 
extra delays the follower speed becomes much higher than that of the leader, with the 
exception of some points where the driver can look a few cars downstream and can 
anticipate the deceleration phase earlier, as indicated by the last rightmost circle in 
Figure 45. The anticipation ability is also introduced to the model by assuming that 
drivers are able to anticipate in a uniform distribution of ¼ of the occasions. The 
rationale behind this anticipation assumption is the observation of real trajectories, 
where the follower car reacts earlier than the leader car (see Figure 45). However, 
there are other factors that affect the ability of drivers to anticipate, including the 
road geometry and cleared sight distance for a driver to observe the vehicles further 
than the immediate leader and react to it. However, it is certain that anticipation 
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increases the stability of traffic flow, creating crash free simulation (Davidsson, 
2003; A. Doniec et al., 2008; El hadouaj et al., 2001; Ozaki, 1993; Tang et al., 2008; 
Treiber et al., 2006). This research does not intend to precisely model the 
anticipation phenomenon, but rather using a simplified assumption, takes the 
anticipation into account to modify the generic Gipps model. Further revisions can be 
offered to improve upon the anticipation model. In contrast with the real follower, 
the Gipps CF model does not differentiate between different manoeuvres and driving 
phases. The stable phase of driving where driver speed change is small is acquired 
via the formula below: 
Equation 5: ∆v     = ∑ ∆st0¡¢£¤¥¡¢¡¦¡5¦¡  
- ∆v    : Average speed changes of the follower vehicle in the last few seconds; 
- ∆vi: Follower speed changes in one simulation step = vt − vt − 1;  
- λ: Simulation step per second; 
- t25: Number of simulation steps for calculating the average speed change 
equal to 4¨ ∗ I, where “I” is the time that represents driver previous stable 
status. Here it is assumed that I= 4 (sec);  
 
This discussed concept is applied to the Gipps model using Equation 6. 
Equation 6:  
If:  ∆vt  < ∆v     – ©)/¨ 
Then: Until T delay  →  v(t) =  v (t − 1) + 0.95 ∗ ∆v     
Where: 
- ϑ: The speed criteria which determine if vehicle is in deceleration phase. For 
simulation step of 0.5 seconds,  ϑ=1 (m/s); 
- T: reaction time, it is assumed to be 1 second 
This command causes the driver to keep the same speed status as the past status 
and react after one second’s delay. It does not apply the Gipps equations before that 
delay time. The commands are written independent from simulation steps and as a 
result, the modification appropriately adapts to any simulation step. This is mainly 
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because of the way t25 is designed. The impact of this command is showed in Figure 
45. The simulated trajectory is closer to the observed follower trajectory when phase 
changes.  
 
Figure 45: The Gipps model Vs the modified driver reaction time Gipps model 
3.5.3 Third Modification: Driver Speed Adjustments  
Yang and Peng (H. H. Yang & Peng, 2010) used large set of naturalistic CF 
data to show that the driver’s acceleration distribution in CF situations depends on 
the space gap with the vehicle in front. Further data analysis on the NGSIM data 
indicated that drivers chose their speed according to maintain their safe spacing with 
their leaders and keep to an appropriate speed. However, their chosen speed is not 
accurate, as the Gipps model assumes. In this modification, driver imperfection in 
speed adjustment is modelled. This imperfection has a random nature. The relation 
between speed and spacing, and the speed a driver will chose in the next time step is 
therefore investigated in the observed NGSIM . The hypothesis is that the speed 
adjustment imperfection is a random number and it depends on the current speed and 
the spacing with the leader. In a similar approach we assume driver speed is a 
function of spacing:  = ∆ . In this section therefore, to model deviation of 
speed as a function of spacing and speed magnitude, we benefit from the NGSIM 
data. Comparing the difference between Gipps estimation and observed NGSIM 
data, it is possible to model the dependency between the speed imperfection in 
choosing speed in the next time step and current speed and spacing and estimate the 
probabilistic part of the model. Five models are created for the mean values and 5 
models for standard deviation values for different ranges of speed (0-25 m/s). In each 
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span, the speed difference between leader and follower is calculated in NGSIM data 
and mean and standard deviation is counted as one point. Cubic equations were 
found to have the minimum residuals from the real data. An example of these models 
can be seen in Figure 46-a. These 10 cubic formulas create a matrix of coefficients 
(Table 9). The individual trajectories (Figure 40) identify that the Gipps model 
closely emulates its leader speed profile by keeping a safe distance from the leader.  
At an individual level, Figure 46-b indicates that the modified model speed profile 
keeps a higher and more realistic difference than leader speed profile, while the 
generic Gipps model follows the similar speed profile as the leader. 
Equation 7: v­0®0¯­t =  v°0±±2t + normal random numberμ ,σ  
µ =  ax´ + bxP + cx) + d   and  σ =  ex´ + fxP + gx) + h 
µ: Model’s mean value, σ: Standard deviation, a, b, c ..,h: Speed variation model’s 
coefficients, x: Spacing, The random number is diver speed adjustment imperfection factor 
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Table 9: Matrix of coefficients of modelling speed difference with the leader car for modification 3 
  
Speed Span 
µ σ 
a b c d e f g h 
0-5 0.00011 -0.00620 0.03000 0.28000 0.00003 -0.00085 0.04300 0.92000 
5-10 0.00020 -0.01400 0.32000 -2.30000 -0.00009 0.00680 -0.13000 1.90000 
10-15 0.00002 -0.00063 0.01400 -0.33000 0.00002 -0.00120 0.04400 0.67000 
15-20 0.00016 -0.01700 0.58000 -6.50000 -0.00008 0.00780 -0.25000 3.70000 
20-25 -0.00013 0.00120 -0.31000 0.67000 0.00024 -0.00290 0.12000 0.00000 
 
 
Figure 46: a) An example of the mean model of speed differences b) following vehicle trajectories 
after applying the third modification 
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3.5.4 Outcome  
The simulation of NGSIM data using the new modified model showed a 
significant improvement in the reproduction of headways and TTCs. Table 10 
identifies that the frequency of the critical headways and TTCs of the proposed 
model are very similar to reality. It also shows that the TTC estimation errors are 
decreased, speed profile is slightly improved and remaining error metrics are slightly 
worsened. To clearly show the robustness of the proposed SACFM, the distribution 
diagrams are presented at Figure 47-b. 
 
Table 10  Root Mean Square Error and Aggregate Frequency Results for all the 250 trajectories 
 
Model 
 
RMSE µ¶·¸¹º»¼½¾¼º¹ ¿À¼Á¸¼ÂÃÄ 
TTC Headway TTC <3sec headway <1 sec 
Generic Gipps model 
SACF model 
1.42 
1.06 
0.13 
0.14 
0.31 
0.91 
0.50 
1.07 
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Figure 47  The results of the SACFM 
3.6  CONCLUSION 
Of the different CF models, the Gipps CF model represents driver behaviour in 
a fairly good manner. However, the Gipps model is still far from being functional in 
terms of the required level of accuracy for traffic safety studies. The Gipps CF model 
was examined by implementing sensitivity tests on the model parameters and 
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tracking the safety indicators within the model structure. As a result, ideas were 
developed to explore how the model can be improved for safety study purposes.  
This research therefore modified the Gipps CF model and established a unique 
framework called Safety Adapted CF Model that improves the Gipps CF model by 
applying human imperfection in information, delay in reaction and action, which can 
be used for investigating safety measures within motorways. The modifications 
specifically included: applying a human perception limitation, driver extra delay in 
driving phase changes and driver imperfection in adjusting speed. Additionally, this 
chapter highlighted the points that any model should address to be able to simulate 
drivers more realistically for the purpose of safety studies. 
Simulations in aggregate and disaggregate level were used to support the 
validity of the SACF model. The SACF model demonstrated better capabilities to 
simulate unsafe vehicle movements with short TTCs and headways. The model 
makes the simulated models potentially able to be used to specifically evaluate near 
rear-end crashes events. The outcomes of this research assist to proactively evaluate 
safety in motorways via microscopic simulation models like Aimsun (TSS-Transport 
Simulation Systems, 1997), which uses Gipps CF model. Eventually as the future 
work of this research, it should be stressed that the SACF model should be tested in a 
platoon of vehicles and its ability to evaluate traffic control plans needs to be 
examined. 
The main drawback of the SACF model was its complex structure, therefore 
the amount of numeric computation is higher than for the original Gipps model. At 
the same time, the calibration of the model would be relatively more costly than the 
Gipps model. 
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The complexity and costly calibration process was the main disadvantage of 
the ASCF model outlined in Chapter 3. Introducing a more human aspect to the CF 
model resulted in a heavy and non-efficient model. Therefore, in Chapter 4, all 
mainstream models are investigated to find out individual strengths and whether they 
can achieve the final objective of this research, which is achieving robustness in 
safety indicator reproduction. Several CF models are used in various microscopic 
simulation models. The objectives of this chapter are: 
•  To calibrate the CF models and compare the different CF models abilities 
•  To outline possible improvement in CF models according to the outcomes 
derived from comparison and sensitivity test steps using real data.  
•  To propose possible modifications for the existing CF models, either in 
the structure or parameters calibration, to improve their ability to 
reproduce TTC and headways. 
Therefore, this chapter compares the mainstream CF models’ capabilities of 
emulating precise driver behaviour parameters such as headways and TTCs. The 
comparison firstly illustrates which model is more robust in the metric reproduction. 
Secondly, in this chapter a series of sensitivity tests is conducted to further explore 
the behaviour of each model. Thirdly, a modified structure for each CF model is 
proposed to simulate more realistic headways and TTCs, below a certain critical 
threshold. NGSIM vehicle trajectory data is used to evaluate the modified models’ 
performance to assess critical safety events within traffic flow.  
 
4.1 INTRODUCTION 
Comparing mainstream CF models has been the main focus for researchers 
(Mark Brackstone & McDonald, 1999; Hamdar & Mahmassani, 2008). Kikuchi et al. 
(2003) assessed the impacts of the Adaptive Cruise Control System (ACCS) on 
traffic flow and safety, as well as investigating General Motors (GM) CF models and 
a fuzzy rule-based CF model by the University of Delaware (called the UD model). 
Kikuchi et al. (2003) eventually identified the UD model as being more suitable for 
their sensitivity tests. They used Minimum Spacing (MS) and also the total time that 
a car experiences short spacing (in case of an emergency brake, collision still 
occurs). However, these tests were only performed on a simulation test bed. They 
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artificially introduced a perturbation in simulation at the beginning of a traffic 
platoon and assessed the stability of the traffic flow. Brackstone et al. (1999) also 
investigated the effect of an ACC (Adaptive Cruise Control) through an assessment 
of the percentage likelihood of a car being involved in a collision. Ranjitkar and 
Nakatsuji (2005) compared CF models against the prediction error in spacing, speed 
and acceleration at individual levels, while Panwai and Dia (2005) compared CF 
models within different commercial simulation models against a spacing prediction 
error. Despite such studies, to date none has compared the CF models against more 
precise safety-related parameters, such as individual short headways and TTC events. 
Other evaluations mostly target average metrics such as average speed or volume in 
the aggregate level and space and speed errors at an individual level. Therefore, a 
comparison of CF models against real data, based on a very precise metric related 
directly to safety, is an existing gap in state-of-the-art traffic modelling.  
To date, no research has compared the CF models against more precise 
parameters such as a headways and TTC, as all models assume safety constraints to 
prevent their models from any crash and keep them stable. As a result, current CF 
models do not provide precise individual headways and TTCs. In real traffic 
situations, frequent near crash events called “surrogate safety measures” or “safety 
indicators” can be used instead of real crashes. Traditional statistical models use 
accident histories to predict current safety conditions and their disadvantages 
highlight that they occur relatively rarely (Bevrani & Chung, 2011b). The hypothesis 
in this chapter is that by relaxing some of the safety-related limitations and 
performing specific calibration, which could possibly include changes in the models’ 
structure, the CF models can be significantly improved in terms of reproduction of 
safety indicators. The number of safety events in the current CF models is far lower 
than those in observed data in every day driving. However, there is yet no concrete 
way of adapting and calibrating CF models for safety study purposes. Five 
mainstream CF models, namely, Gazis–Herman–Rothery, Intelligent Driver Model, 
Psychophysical model, Gipps CF Model, and Cellular automaton, are compared 
using actual trajectory data (NGSIM). 
The structures of these five models are examined to determine their best 
performance, reproducing the chosen safety metrics both in terms of frequency of 
critical safety events and also the absolute values. The performances of the CF 
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models are compared. The improvements of each model are defined, and the 
strengths and weaknesses are examined. This chapter establishes a method for traffic 
analysts to be confident in using microscopic simulation models to evaluate the 
impact of different traffic scenarios, in terms of their safety improvement impact. 
The new modified models can then also be used to predict near-miss, rear-end crash 
risks. 
Through Chapter 2 a brief review of the existing CF models was presented; in 
the next section of this chapter, more in-depth details of the formulation of five of the 
more commonly-used models will be presented. The third section of this chapter 
compares their performance. The fourth section presents a series of sensitivity 
analyses to further explore the behaviour of each model. The fifth section proposes 
modifications for each model and the outcomes of the modified model will be 
assessed against each other. Conclusion and discussion completes the chapter. 
4.2 SELECTED CF MODELS 
Gazis–Herman–Rothery (GHR) model  
 The most well-known CF model was developed by Chandler et al. (1958), who 
investigated the acceleration of the follower as a function of the follower’s speed, 
relative speed, spacing and driver reaction time delay. Chandler et al. supported their 
mathematical model and hypothesis with an experiment using an instrumented car at 
General Motors research laboratories in Detroit. They discovered that spacing is not 
significantly correlated to acceleration, while speed differences are highly correlated 
to the acceleration drivers choose. The general formula of GHR type models is as 
Equation 8.  
Equation 8: at = c νt ∆ν5(4∆\Å5(4  where  a: Acceleration, V: 
follower vehicle speed, ∆x and ∆ν: the relative spacing and speeds, T: Reaction 
time;  m, l and c: the constants to be determined. Symbol “m” shows how much the 
speed of nth vehicle can affect the acceleration of vehicle n implemented at time t by 
a driver, l shows how much ∆x  Relative spacing) contributes to the following 
relationship.  Symbol c is sensitivity constant or scaling constant relates to T. 
Chandler et al. were optimistic that the traffic dynamic system could be 
synthesised. Interestingly, they mentioned that traffic accidents can occur firstly 
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because of human error, which they believe cannot be analytically modelled. 
Secondly, drivers cannot avoid crashes if s/he follows their immediate leader closely. 
This type of crash is caused by a sudden perturbation much further downstream by 
another car, which is amplified upstream.  
According to the linear stability of a long line of following vehicles, Chandler 
et al. (1958) developed their model. They state that the margin between stable and 
unstable traffic flow operation is narrow. In a dynamic system like traffic flow, the 
equilibrium start point is assumed to be stable. Chandler et al. (1958) state that their 
model is stable only in high density traffic conditions where vehicles have to follow 
each other very closely. Interestingly, Chandler et al. state that driver anticipation 
helps to have a more stable flow, which is however ignored in their model. Chandler 
et al. made another assumption that sensitivity to stimuli in both acceleration and 
deceleration is identical, which they regard as a true assumption in low speed traffic 
flow. 
Another interesting phenomenon that Chandler et al. have discovered is that the 
traffic dynamic can become easily unstable in a situation where vehicles are in very 
small spacing distance independent of their speed, as it occurs in rush hour in high 
speed traffic. Any fluctuation in this situation can be amplified and cause an accident 
if the line of vehicles is long. However, in a long line of vehicles, a careful driver 
with longer headway can help to damp out any fluctuation. Chandler et al. also 
investigated the time lag, where they observed that, by increasing the time lag, the 
traffic system dynamic becomes more unstable. An emergency control also is 
planned by Chandler et al. Once the follower car becomes closer than a critical 
distance to the vehicle in front, its driver brakes, within the maximum feasible rate.  
To date, different figures have been suggested for Equation 8. A lot of work 
has been done to calibrate and validate this model, for example Ozaki (1993). Ozaki 
states that his parameters support both free flow traffic with temporary disturbances 
and also steady congested traffic flow. However, because of significant conflicting 
results with the real traffic data, the GHR model is uncertain.  
Brackstone and McDonald (1999) identify two reasons for the weakness of this 
model; firstly, because of the nature of following behaviour that changes in 
accordance with different traffic situations in real traffic where the GHR model 
cannot adapt and secondly, most of the empirical tests took place at low speeds and 
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in stop-start situations. Therefore, variety of “*” and “” have been suggested by 
different studies to calibrate and validate this model.   
Chandler et al. recommended l=m=0, c=0.17-0.74, T=1.0-2.2. However variety 
of “l” and “m” was suggested by different studies to calibrate and validate the GHR 
model. Brackstone and McDonald (1999), in a comprehensive literature review of 
GHR type CF models, identify the parameter combinations (see Table 11). These 
parameter combinations provide less contradictory results compared with the rest of 
the studies and few models provide different parameters for acceleration and 
deceleration phases. The sensitivity constant “c” was proposed by Chandler et al. 
(1958) as 0.37 sec-1 and the time lag was recommended as 1.5 sec. Ozaki (1993) 
alternatively suggests c=1.1 sec and different “m” and “l” for acceleration and 
deceleration as it is shown in Table 11.  
Table 11: Estimation of GHR model parameters adapted from Brackstone and McDonald (1999)  
source m l 
Chandler et al. (1958) 0 0 
Herman and Potts (1959) 0 1 
Hoefs (1972) dcn no brk/dcn brk/acn 1.5/0.2/0.6 0.9/0.9/3.2 
Treiterer and Myers (1974) dcn/acn 0.7/0.2 2.5/1.6 
Ozaki (1993) dcn/acn 0.9/-0.2 1/0.2 
* (dcn/acn): deceleration/acceleration; brk/no brk: deceleration with and without using brakes. 
 
Intelligent Driver Model 
Treiber, Hennecke, and Helbing (2000) propose a deterministic continuous CF 
model, named Intelligent Driver Model (IDM). IDM belongs to the same class of 
optimal Velocity Models (OVM) (Bando et al., 1995). Treiber et al. (1999) identify 
important advantages including:  
• It is an accident free model because of the dependency on relative speed 
while in OVM (accidents happen easily);  
• It shows self-organised attributes, hysteresis results and complex states;  
• The model parameters all are practically quantifiable and have realistic 
values; 
•  The fundamental diagrams can easily be calibrated;  
• The numerical simulation of the model is fast;  
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• In contrast to most other CF models, a corresponding macroscopic model 
is recognised.  
• IDM also eliminates the limitations of the Gipps CF model, which does 
not show the instability or hysteresis effects for vanishing fluctuations.  
The advocate of the IDM assumes that acceleration is a continuous function of 
the speed vα, the gap sα, and the speed difference (approach rate) ∆vα from the 
vehicle ahead:  
Equation 9:  vαÆ = aα[1 − Q sαsÇαV
δ − È2∗sα,∆sα2α ÉP] 
α shows that each vehicle has its own characteristics. Treiber et al. stated that 
aα Ê1 − Q sαsÇαV
δË stands for the acceleration in free flow situationsα → ∞ where a is 
the maximum acceleration rate and vα is the desired speed. δ is usually between 1 
and 5. The δ range causes the real acceleration behaviour place between a constant 
acceleration of a if δ → ∞ and an exponential function δ = 1. The tendency to 
deceleration also is: 
Equation 10: −b05sα, vα, ∆vα ≔ −aα È2∗2αÉP   
Equation 11: s∗v, ∆v = s7α + s)αp ssÇα + Tαv + s∆sPÍ[αα 
This braking term depends on the proportion of “desired minimum gap” s∗ and 
the real spacing sα. The “desired minimum gap” s∗ is as: 
 s∗ changes according to the velocity and approach rate. In this formula the 
driver maintains the s7 minimum jam distance and additional safety distance Tαv, 
where T is the safe headway within a congested moving traffic situation. The last 
term of Equation 11 is an “intelligent” braking strategy where drivers limit 
themselves to a desired braking deceleration in normal circumstances (a vehicle 
approaching a standing vehicle from a large distance). 
 
 122 Chapter 4: Comparison and modification of car following models towards a more accurate microscopic simulation parameters reproduction 
Psychophysical Model 
Psychophysical models presume that a driver does not respond until passing an 
action point. These models determine how drivers react to a perceived situation, 
mainly the perception of distance and speed differences by adapting their driving 
manners (Wiedemann & Reiter, 1992). As Wiedemann and Reiter declared, the 
perception of changes for the follower driver in Psychophysical models is the 
observed size of the vehicle ahead. Todosiev (1963) carried out a comprehensive 
investigation of these perception thresholds.  
The origin of the Psychophysical model is from Michaels and Cozan (1963) 
who discussed CF behaviour in terms of a Psychophysical aspect of follower 
vehicles. They assumed that drivers can predict the relative speed differences with a 
vehicle in front via changes in visual angle. This idea led Institut für Verkehrswesen 
Karlsruhe, Germany (Leutzbach & Wiedemann, 1986) to develop a vast simulation 
application. The Wiedemann CF model was initially proposed in 1974. Some 
researchers, namely Kumamoto et al. (1995), Burnham and Bekey (1976) or Lee and 
Jones (1967), also have used a similar notion. Because of space limitation, the detail 
of model formulation is not presented. For details of the model, readers can refer to 
Wiedemann & Reiter (1992).  
The Wiedemann  Psychophysical model is tested based on the formulation in 
Wiedemann and Reiter (1992), and Leutzbach and Wiedemann (1986). The four 
thresholds in the model are as below. In all of the thresholds and later in acceleration 
formulas, a normal distribution is applied to reflect the differences between humans 
and also vehicles. Wiedemann and Reiter declared that there is not an empirical 
knowledge of this distribution nature. They assumed that all are normal. 
ABX: Desired minimum spacing at low velocity differences. Todosiev (1963) 
found that drivers underestimate the safety distance by increasing speed. As a result, 
Wiedemann formulates BX by a parabolic function. BX formulation means that 
drivers drive more riskily than at higher speeds. The randomness of driver 
differences is presented by RND1i 
 ABX =  AX +  BX  
Where:   AX: Desired spacing for vehicles in standstill situation 
  AX = L + AXadd + RND10. AXmult 
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  BX = BXadd + BXmult. RND10. √v 
AXadd, AXmult, BXadd and BXmult are the calibrating parameters 
representing the variations of desired spacings and v is the minimum of the leader or 
follower vehicle velocity. (Mark Brackstone et al., 2002) illustrates that the power of 
v for the United Kingdom driver, could be 0.43 rather than 0.5. In this thesis the 
Brackstone, Sultan and McDonald (2002) figures are used. 
SDX: Recognizing the expansion of the spacing in the following situation, 
Todosiev (1963) reports that SDX is 1.5-2.5 times of the ABX. Wiedemann and 
Reiter (1992) explain that the better a driver is in estimation abilities, EX will be 
closer to 1 which results in a smaller SDX. 
 SDX = AX + EX. BX 
  EX = EXadd + EXmult ∗ NRND − RND20 
CLDV: Perceptual threshold of identifying small velocity differences at small 
decreasing distances. After passing the CLDV threshold, a driver recognises that s/he 
is approaching and getting close to the leader and needs to decelerate to prevent any 
collision. 
 CLDV = −DXP/CXP 
 CX = CXconst ∗ (CXadd + CXmult ∗ (RND10 + RND20)) 
CX can vary between 25 and 75 (Wiedemann & Reiter, 1992). It shows the 
divergence of visual angle (Mark Brackstone et al., 2002).  
OPDV: Perceptual threshold for noticing little velocity differences at short but 
opening distances. 
 OPDV = CLDV ∗ (−OPDVadd − OPDVmult ∗ NRND) 
Again the OPDVadd and OPDVmult indicate the range and NRND represents 
variation of same driver. 
Based on the defined threshold, four types of driving behaviour, namely, free 
flow, closing, following and emergency braking are classified. In the Psychophysical 
model, for each of these driving phases, an acceleration function is defined.  
A term called BNULL or acceleration noise, which is the lowest value of 
acceleration or deceleration, is used for the acceleration formulation according to 
 124 Chapter 4: Comparison and modification of car following models towards a more accurate microscopic simulation parameters reproduction 
(Herman et al., 1959), who showed it to have a mean value of 0.2 m/s2 . 
Wiedemann’s model is represented by  
BNULL = BNULLmult ∗ RND40 + NRND 
Because the main concern of this paper is headways and TTCs, it is expected 
that, among all the acceleration equations, the acceleration equation in closing phase 
has more importance. There is a kinematic equation for deceleration to decrease the 
speed of the follower car to the leader’s speed, while keeping the distance higher 
than ABX. 
b0 = 12 ∗ ∆vABX − ∆X + b0() 
b0() is the leader acceleration rate. The above equation shows how important 
ABX is in determining the headways and, potentially, TTC values.  
The high number of parameters makes the calibration process of 
psychophysical models extremely difficult. It has been decided to simulate the 
NGSIM trajectories with the Wiedemann model. The GA algorithm is implemented 
to optimise nine model parameters, namely AXadd, AXmult, BXadd, BXmult, 
EXadd, EXmult, OPDVadd, OPDVmult and CX. The optimisation constraints are 
chosen according to the literature reported values in (Mark Brackstone et al., 2002; 
Leutzbach & Wiedemann, 1986; Olstam & Tapani, 2004; Wiedemann & Reiter, 
1992). 
 
Gipps Model 
Safety distance or collision avoidance models set up a safety distance. The 
Gipps (1981) model, which is the most successful of this group, can switch between 
free flow and following situations. The Gipps CF model proposed speed as Equation 
12 assuming that the follower can estimate all the parameters with the exception of 
bn-1. An extra safety margin was added to calculate a safe distance named θ. Gipps 
assumed that θ=T/2.  
Equation 12:  vt + τ = min 8vt + 2.5aτ1 − vt/V)p7.7Pqrst(5)ut  , bτ +
pbPτP − b[2[ x()(t) − s() − x(t)] − v(t)τ − v()(t)P/bl]v  
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where: 
a: Maximum acceleration;  
bn Maximum deceleration; 
 s: Vehicle size; V: Desired speed; 
 xt: Vehicle location at t; 
vt: Speed of vehicle n at time t; 
τ: Apparent reaction time, 
 bl: Driver of vehicle n estimation about b().  
 
Cellular Automaton Model 
Nagel and Schreckenberg, (1992) introduced a stochastic discrete cellular 
automaton model to simulate freeway traffic. The focus of this model is traffic jams 
and a smooth transition between free flows and start-stop situations and modelling 
shockwaves. The discrete computational model defines an L-sited array, which may 
be occupied by one vehicle, or be empty. Each vehicle has an integer velocity 
between 0 to ν[\. Any simulation update in the Nagel-Schreckenberg model 
includes the following steps: 
1. Acceleration: if the velocity ν < ν max and if ∆ > ν + I, the speed is 
progress by one ν → ν +1. 
2. Slowing down (due to other cars): if a vehicle at site i sees the next vehicle 
at site i + j  (with j < ν), it decreases velocity to j − 1 
3. Randomisation: with likelihood p, the follower car’s speed, if greater than 
zero, is declined by one ν → ν -1. 
4. Car motion: each vehicle is advanced v sites. 
Krauss, Wagner, and Gawron (1996) introduced the continuous model of the 
Nagel- Schreckenberg model which had velocity and space as continuous variables. 
The simulation update rules are written as Equation 13. 
Equation 13: 
v­¯2 = minØvt + a[\, v[\, sÙ[±tÚ,  
 vt + 1 = maxØ0, v­¯2 − σ ∗ nÛ[,7,)Ú,    
 xt + 1 = xt +  vt + 1 
  
Where sÙ[±t is spacing, a[\ is the maximum acceleration, nÛ[,7,)is a 
random number between 0 and 1, and finally σ is the maximum deceleration due to 
noise. 
 
4.2.1 Model performance comparison 
 
For the optimisation process in this research, the sum of UTheil’s Inequality 
Coefficient of speed as an objective function is minimised. A Genetic Algorithm 
(GA) is implemented to search for global solutions to minimize the objective 
variables for each trajectory. Using this method, CF models’ parameters are 
calibrated. At first instance, the location of the follower and the leader is reset to the 
real position and then, by taking the leader trajectory and applying a different CF 
model, simulation is carried out. Table 12 shows each CF model’s calibrated 
parameters for the NGSIM data.  
 
Table 12: Calibrated Parameter Values for Various Models 
Paramete
r 
values Paramete
r 
value Parameter value     
GHR       IDM  Wiedeman
n 
 Gipp
s  
 CA  
Constant 
C 
l Dec 
m Dec  
l Acc  
m Acc 
1.1 
1.2 
0.7  
0.1 
0 
Tsafe 
  
amax 
bDes 
S1 
S0 
Vdes 
1.12 
3.00 
1.48 
1.5 
0.67 
2.13 
25.03 
AXadd 
AXmult 
BXadd 
BXmult 
CX 
EXadd 
EXmult 
OPDVadd 
OPDVmult 
1.3 
2.19 
2.39 
1.32 
42.77 
1.16 
0.59 
1.034 
1.25 
an 
T  
bn 
B  
θ 
3.06 
0.7 
-5.01 
-6.44 
0.48 
amax  
vmax  
σ 
3 
20 
3 
 
The simulation run for each of the models uses the parameter in Table 12. Two 
important types of measures are calculated to compare the model performances 
against each other. Although the magnitude and value of safety indicators can show 
the severity of an event, the risky events frequency has a higher importance. Since 
developing an accurate safety indicator is a complex task, it isn’t considered for use 
in the simulation. The usual frequency of critical events however is a reasonable 
measure. The first two columns in Table 13, and also Figure 48, present the 
frequency of short TTC and headways against observed data. TTC can be seen in the 
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Gipps model to be the closest, with 71% of the short TTCs, and for short headways 
IDM with 40% of observed short headways is the best model. Meanwhile, the Root 
Mean Square Errors of the other parameters, such as space speed and acceleration are 
illustrated in Table 13. A smaller error shows the best model. Gipps is the best model 
for speed and space, while IDM is the best model for acceleration. In the RMSE, the 
Gipps is again the best for TTC and headway. Performance of the CA and IDM for 
headways is as accurate as the Gipps model. 
 
Figure 48: TTC reproduction in different CF models. 
Table 13: The aggregate errors for NGSIM data for different CF models 
Scenario Frequency 
TTC Portion 
Below 3 sec 
Frequency Portion 
hdwy Below 1 sec 
RMSE x RMSE v RMSE a RMSE 
TTC 
RMSE 
Hdwy 
GHR (Ozaki)  0.18 0.02 18.63 1.35 1.47 1.52 1.06 
IDM 0.56 0.40 7.67 1.36 1.51 0.92 0.39 
Wiedemann  2.43 2.28 13.33 3.03 3.06 1.13 1.32 
Gipps 0.71 0.03 5.52 1.06 1.53 0.78 0.30 
CA 3.15 0.14 5.90 1.72 2.28 1.11 0.35 
 
Figure 49a and Figure 49b illustrate the RMSE of each model for headways 
and speed differentiations between leader and follower, which is an important 
measure for safety. Again the Gipps and the IDM perform better than the other 
models. 
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Figure 49: RMSE for a) Headways and b) Speed  
 
4.3 SENSITIVITY ANALYSIS ON MODEL PARAMETERS AND SAFETY 
METRICS 
GHR.   
At the individual level, two following vehicle trajectories are chosen from the 
NGSIM data. The following situations are simulated using GHR CF model with both 
Chandler and Ozaki parameters. The Ozaki parameters illustrate a better agreement 
with real trajectories. TTC and headway in the GHR CF model in comparison with 
Chandler and Ozaki parameters sets are shown in Figure 51. 
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Figure 50: Speed profile in the GHR CF model trajectory comparison with a) Chandler b) Ozaki 
Parameters sets 
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Figure 51: TTC and headway in GHR CF model trajectory comparison with a) Chandler b) Ozaki 
Parameters sets 
On the other hand in an aggregate scale, the values of Chandler et al. and Ozaki 
are in consideration for implementation on the whole chosen NGSIM data. The level 
of robustness of the GHR model with two scenarios: 1) Chandler et al. (1958) 
parameters sets; 2) Ozaki (1993) parameters sets, are investigated (Figure 52 (a) and 
(b)). Ozaki parameter sets can produce more realistic critical TTCs compared to the 
Chandler parameter set. However, headway distributions in both are far from real 
headways and they seem to be unable to generate short headways as in reality. 
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a) 
 
b) 
Figure 52: the level of robustness of GHR model with three parameters’ sets: a) Chandler et al. (1958) 
b) Ozaki (1993)  
To investigate how any changes in the acceleration can particularly change 
TTC, a sensitivity test has been conducted. Since  TTC = ∆\∆s, if any changes in l, m, 
or c happens in the acceleration  da, TTC will be TTC = ∆x + da ∗ TP/(∆v + da ∗
T). For instance the presumable changes can cause the follower vehicle tp decelerate 
with a lower rate; as a result ∆x will be lower and ∆v will be higher, which means a 
more dangerous situation. This has two impacts on the TTC value. The question is 
how these changes in the acceleration rate will be observed on TTC. For this reason a 
sensitivity test is implemented to see these effects. A base case is assumed to have 
∆x = 9 (m) and ∆v = 3 (2 ) that causes to have TTC = 3 sec. The acceleration rate 
change (da) is started from 0 to 2 for different simulation steps (Figure 53-a). Two 
interesting conclusions from this figure can be derived. Firstly, since ∆x and ∆v are 
related to each other, any changes in acceleration rate and consequently in speed is 
not a linear effect. Secondly, the simulation step has direct effect on TTC values. A 
bigger simulation step amplifies the TTC values. Since headway has similar 
formula∆x/v, the headway change at Figure 53b) seems to be more close to a linear 
trend. However, any acceleration change has fewer absolute changes on short 
headways since v values are much higher than ∆v. 
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Figure 53: The effect of the changes on the acceleration on TTC for different reaction times. In this 
example Δx is nine meter and Δv 3 m/s, and as a result the base case TTC is three seconds. 
To determine the direct effect of  and * terms in acceleration and deceleration 
with the GHR model with the Ozaki parameters, a sensitivity test is conducted. A 
pair of following vehicles from NGSIM data was chosen. A range of  and * was 
chosen where reported in the literature that the CF model is stable on that range. The 
acquired TTC values and short headways for the deceleration phase are shown in 
Figure 54. The figure illustrates that in the deceleration phase ∝ )DDÞ , and  ∝ℎGß. The acceleration phase has * ∝ $$% and  ∝ 1/ℎGß.  The 
coefficient “c” = 1.1 as suggested by Ozaki provides shorter TTCs.  
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c)  
  Figure 54: a) l/dec b) m/dec c) l/acc d) m/acc e) c    
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IDM   
Sensitivity tests on the IDM parameters determine whether the current model 
structure gains better results. The safe time headway $à has direct dramatic effects 
on obtaining short following headways. Figure 54c illustrates that the shorter the 
time $à, the shorter the headways. However, a clear trend is not observed for TTCs. 
To achieve short headways in the term )P ∆Íáá the factor )P is changed. Therefore, 
the magnitude of “2” is changed to higher values. Figure 54d illustrates a significant 
improvement in achieving short TTCs values by changing the intelligent braking 
term. 
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Psychophysical model  
The minimum headway is tested against a range of BXadd, a calibrating 
parameter for variation of desired speed. Figure 55 indicates that the shorter the ABX 
(desired minimum spacing at low velocity differences), the shorter the headways, 
while the TTC is not sensitive to changing the ABX threshold. The acceleration 
magnitude may have a direct effect on the acquired TTCs. Figure 56 illustrates that 
there is no clear effect of increasing â}ã**, which is the acceleration applied in the 
following phase on the headways. Within the following phase +â}ã** is applied if a 
vehicle is passing either the OPDV or SDX and – â}ã** is applied when passing the 
SDV or ABX. Figure 56f illustrates a clear trend, TTC increases to a specific 
minimum point by increasing â}ã** while after that, TTC decreases again. It is 
expected that in the first side of the fixed point the −â}ã** is responsible for larger 
TTCs, which means the lower deceleration, the shorter TTC, while the other side of 
the diagram shows that +â}ã** is the responsible factor, meaning the higher 
acceleration, the shorter the TTC. 
Gipps model   
Figure 56-b demonstrates a sensitivity analysis on a pair of following vehicles 
using NGSIM data showing the effect of the θ on headways and TTC. The results 
indicate that θ has linear effects on the headways, while a clear relationship between 
θ and TTC values cannot be observed. This fact shows, that by calibrating and 
adjusting θ, small headways cannot be reproduced in the Gipps model. However, it 
also shows that simply changing the safe distance parameters like θ is not likely to 
reproduce real TTC values. A more comprehensive analysis of this model can be 
found in (Bevrani & Chung, 2011a). 
CA   
Figure 48 shows that the TTCs frequency in the CA model is higher than the 
other models. Equation 13 details that the CA model does not consider the leaders’ 
speed. For instance, once a leader driver sharply decelerates and its speed drops from 
8 m/s to 4 m/s, according to the third factor, å determines the desired speed. If, 
for example, å is seven meters, then the speed will be equal to 7 m/s, which 
causes a very short TTC and headway in the next simulation step.  
  
  
a)  
b)  
 
c)   
Figure 55: Sensitivity test on  a) IDM Tæ b) IDM, The intelligent brake term c) Wiedemann, 
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a)  
b)  
Figure 56: Sensitivity test on a) Wiedemann, acceleration gratitude b) Gipps, θ   
 
4.4 MODEL IMPROVEMENT FORMULATION TO REPRODUCE MORE 
ACCURATE SAFETY INDICATORS 
GHR 
Hamdar and Mahmassani (2008) assumed the constant parameter “c” as an 
normally distributed variable to make the model create incidents. The reproduction 
of safety indicators not creating crashes is the focus in this study, so another 
approach is applied to modify the model. Additionally, the Ozaki model functions 
better than in the Chandler model, and uses different parameters for acceleration and 
deceleration. The sensitivity analysis indicates that in deceleration, to get smaller 
TTCs means a higher “*” for example 1.2. Moreover, “m” needs to be smaller than 
0.65
0.7
0.75
0.8
M
in
im
u
m
 
H
ea
dw
ay
s 
(se
c)
 
 
0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.22
3
4
5
6
bnull (m/s2)
M
in
im
u
m
 
TT
C 
(se
c)
Simulated
Real
1.4
1.6
1.8
2
2.2
M
ea
n
 
o
f H
ea
dw
ay
s 
(se
c)
 
 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
10
20
30
40
Theta (sec)
M
in
im
u
m
 
TT
C 
(se
c)
Simulated
Real
  
Ozaki suggested (0.9), for instance, 0.7 to reproduce the smaller TTCs and 
headways.  
On the other hand, acceleration parameters l and m respectively should be 0.1 
and 0.2. Constant “c” is the same as Ozaki values fixed to 1.1. The results are 
presented in Figure 57a. TTC reproduction is 19% better than the original parameter 
sets. Short headways RMSE is also slightly lower in Figure 57-b. Production of short 
headways in the GHR model cannot only be achieved by parameter changing and 
this needs further research. The idea of using a different reaction time and different 
“c” values as variables might be a construct, as was introduced by Ozaki (1993). It is 
obvious that the proposed parameters are not a perfect match with reality. However, 
the direction is proposed toward getting the GHR model to work better in terms of 
reproduction of safety metrics and particularly TTCs.  
IDM 
Hamdar and Mahmassani (2008) eliminated ∆PÍáá term from “∗”, which 
caused a large number of crashes. This research does not intend to create crashes and 
without omitting this term, short headways are still achievable. A test was conducted 
in the same way, with instability and many collisions observed. An unstable CF 
model would not be desirable in a simulation model, so the magnitude of “2” was 
changed to higher values. Figure 57a illustrates a significant difference in the short 
TTCs frequency by changing the intelligent braking term (44% improvement). The 
NGSIM data, which is from a very high traffic volume situation where drivers are 
seen to pay less attention to the intelligent braking strategy, means the overall 
NGSIM data is tested with the higher intelligent braking term as “4”. The modified 
IDM simulation results are shown in Figure 57. The TTC significantly improved 
(44%), while short headways Figure 57b shows the error variation shortened in the 
modified model. 
Psychophysical model 
 Any possible improvement on the reproduction of the safety indicators needs 
more detailed examination of the model structure. The hypothesis is that changing 
thresholds affect the headways reproduction while acceleration changes the TTCs 
achieved by the model. To directly affect the short headways, ABX needs to be 
changed. For this reason, a higher BXadd (4.00), which causes a higher ABX, will be 
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tested. At the same time the value for “bnull” can be adjusted for a more realistic 
result for TTC and headway frequency. Figure 57a illustrates the improvement. The 
reason for the safety indicators reproduction improvement is that, by increasing the 
BXadd, the model has become more conservative, the result has improved and the 
number of critical safety events becomes more realistic. 
Gipps model 
The required modifications for the Gipps model to achieve better safety metrics 
has been identified in Bevrani & Chung (2011a, 2012) and in Chapter 3 of this thesis. 
The modifications include: psychophysical modification and applying human 
perception limitation; and, improvement in the deceleration phase of the CF model. 
The result shows that the proposed modifications to the Gipps CF predict the 
frequency of the unsafe safety indicators, better than the generic Gipps model 
(Bevrani & Chung, 2011a). 
CA Model    
Improving this model may not be easy because of its rigid structure. However, 
it seems that the CA model does not consider a safe distance from the leader, as does 
the Gipps CF model and, as a result, has more frequent, short TTCs. Figure 48 shows 
in the CA, driver models behave more unsafely than real drivers, indicating that a 
combination of the CA model and a more cautious model such as the Gipps model, 
could be a more realistic model. The randomness that is applied to the CA model, 
which has a uniform probability, could be adjusted to mimic more realistically the 
stochastic nature of the model. 
Improving the CA model can be achieved by introducing another term to the 
v­¯2in Equation 13. The new term sÙ[±t + v¯[­¯Ût/2  causes the CA model to 
consider the speed of its leader, while this was ignored in the original model. The 
model is more conservative and able to identify a realistic number of critical TTCs. 
Figure 57a shows 92% improvement compared with the observed data. Therefore, 
the modified CA model is a more reliable model in the reproduction of TTCs. At the 
same time, Figure 57b illustrates that the deviation of RMSE is slightly decreased for 
headways.  
+z{ = minØ+() + x, +x , å(), (å() + +|{z{ç())/2Ú 
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c  
Figure 57: Short TTC and Headway frequency in generic CF and modified models and Headway 
RMSE in generic and modified models. 
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Overall, the proposed modifications to the CF model caused improvements in 
the critical TTCs frequency, as Table 4. However, despite the improvement in the 
TTC frequency, the short headway frequency did not improve much. This lack of 
accuracy in short headway reproduction, shows a necessity for developing a robust 
model that simultaneously improves both short TTC and headways. 
Table 14: CF models Improvement in reproduction of critical TTCs Frequency after the modifications 
CF model Improvement after the modifications 
CA 92% 
GHR 19% 
Gipps 87% 
IDM 44% 
Wiedemann 97.9% 
 
4.5 FINDINGS AND CONCLUSIONS 
This chapter examined the major CF models and compared the GHR, IDM, 
Psychophysical, Gipps and CA models. From the comparison phase, the Gipps CF 
model was considered the most accurate. The IDM showed better reproduction of 
short headways; the CA model also had relatively small errors. However, even the 
Gipps model was still far from functional in terms of the required level of accuracy 
for traffic safety studies.  
Sensitivity tests were applied to the model parameters and safety indicators 
(TTC and short headways) were tracked. The most appropriate modification on the 
models within the model structure is then identified. In the GHR model, the way 
each of “*” , “” and “%” affects TTC have been identified. The intelligent braking 
term and safe time headway were identified for the IDM to be directly effective on 
the chosen measures. The θ was investigated in the Gipps model and found to have 
significant effect.  
The outcome of sensitivity tests highlighted that the CF models can be 
improved for safety study purposes. Firstly, a new set of parameters for the GHR 
model was proposed. The result was that the production of short headways in the 
GHR model needs further research. In the IDM the intelligent braking term was 
modified, without making the model unstable. BXadd was increased and bnull 
adjusted in the psychophysical model. In the Gipps model a psychophysical 
  
modification and deceleration phase is improved (Bevrani & Chung, 2011a). 
Introducing a new factor to the CA model to take the leader car speed into account 
led to significant improvement. In conclusion, this research modified five different 
CF models and established a unique outline for adapted CF models according to 
safety. These new modified models can be used to study safety measures more 
realistically.  
Simulations of 250 trajectories on a larger scale were used to support the 
validity of the modified models, which were able to simulate unsafe movements 
(short TTCs). However, the short headways did not improve significantly and need 
further research. The modified models can potentially evaluate near rear-end crash 
events. Overall, the outcomes of this chapter can assist traffic analysts to proactively 
evaluate safety via microscopic simulation models. 
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Chapter 5: A new car following model for 
safety evaluation of intelligent 
transportation systems on 
motorways 
  
  
The modifications introduced in the previous chapter improved the CF models’ 
TTC reproduction, while those modifications could not improve the short headway 
frequency. For example in the GHR CF model modifications, the new set of 
parameters did not improve headway reproduction. The modifications also imposed 
more complexities and computation costs. For instance, the modifications proposed 
for the Gipps model were highly complex and relatively slow for computer 
simulation purposes. Furthermore, changes in the parameters, in some instances, 
affected the models’ performance in the reproduction of other measures.  In other 
words, changing the nature of the original models may interfere with the original 
purpose of the models.  
One of the other purposes of this thesis is to reflect on the implementation of 
MMS on the safety metrics extracted from the simulation models. As previously 
discussed, traffic safety studies demand more than current microscopic simulation 
models can provide, as they presume that all drivers exhibit safe behaviours. 
Therefore, existing microscopic simulation models are inadequate to evaluate 
managed motorway systems such as Variable Speed Limits and unable to study their 
traffic safety impact. This chapter highlights the limitations of the existing 
microscopic simulation models to emulate driver behaviour for safety study 
purposes. A new car following model, based on the personal space concept and fish 
school model, is proposed to simulate more precise traffic metrics. This new model is 
capable of reflecting changes in the headway distribution after imposing the speed 
limit from VSL systems. This model can also emulate different traffic states and can 
be easily calibrated. The final outcome of this chapter facilitates assessment and 
prediction of Intelligent Transportation Systems on motorways, using microscopic 
simulation.    
5.1 INTRODUCTION 
Microscopic simulation models provide a powerful tool to dynamically model 
transport systems. These allow traffic engineers to evaluate different strategies for 
transport networks to evaluate travel time, emission, and fuel consumption. CF 
models are one of the main components of any microscopic simulation models. CF is 
the interaction of nearby vehicles in the same lane, and so has a major role in traffic 
safety measure reproduction. The potential of microscopic simulation to evaluate 
safety-related factors has been acknowledged (Bevrani & Chung, 2011b; Bonsall et 
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al., 2005; Hamdar & Mahmassani, 2008), albeit with limited advancement to analyse 
traffic safety. Some studies have been undertaken particularly at intersections and 
Archer (2005) used microscopic simulation within signalised and un-signalised   
urban intersections, calculating some safety indicators based on the concept of 
conflicts. Research on the accuracy and applicability of the CF models for safety 
simulation studies is rare and recent attempts to modify existing CF models (Hamdar 
& Mahmassani, 2008; H. H. Yang & Peng, 2010) are still far from accomplishing the 
required model for a safety study. In addition, an extensive literature review of CF 
models (Bevrani & Chung, 2011a, 2011b) indicates a lack of safety measure 
accuracy.  
While there are large numbers of managed motorway systems such as VSL or 
ramp metering in motorways across the world, there is little support showing the 
safety effects of these systems (Hellinga & Mandelzys, 2011). Existing microscopic 
models are incapable of reflecting the safety effect of ITS applications such as VSL 
in some important safety-related indicators such as headway distribution and 
frequency of short TTC. Few studies have been undertaken to show the impact of 
VSL on safety (Abdel-Aty et al., 2008; Abdel-Aty et al., 2006; C. Lee, Hellinga, & 
Ozbay, 2006; C. Lee, Hellinga, & Saccomanno, 2006), and some papers questioned 
if the CF models, embedded in their simulation model platform, are reliable and 
capable of reflecting impact of the VSL on driver headway, as in real life. Simulation 
tools are currently unable to reflect the impact of managed freeway systems on 
reproduced safety indicators such as headways and TTCs. 
The aim of this study is to establish a new CF model where traffic analysts can 
be confident to use microscopic simulation models to evaluate different traffic 
scenarios in terms of their safety improvement impact. Proposing the new CF model 
is a step forward to enable simulation models to estimate precise traffic metrics. This 
chapter proposes a new CF model that is more robust than the current models in 
terms of safety indicators. The new CF model needs to be sensitive to the 
introduction of managed motorway systems such as VSL and capable of reflecting 
the VSL effect in a simulation model. Lack of such a CF model led to creation of a 
new CF model in this chapter. Therefore, the second section proposes the new CF 
model called Space Base Model (SBM). The advantages of the new model will be 
  
presented 5.3 and 5.4. The application of the SBM will be examined in the fourth 
section to evaluate the safety impact of the VSL system.  
5.2 NECESSITY FOR INTRODUCTION OF A NEW MODEL 
A comparison of the headway distribution of a motorway simulation model in 
Brisbane (Bevrani & Chung, 2011b; Bevrani et al., 2011; Rahman et al., 2011) is 
used to show the existing micro simulation weaknesses in MMS safety evaluation 
and a need for a new robust simulation model. About 30 kilometres of a motorway in 
two bounds is simulated. The motorway sections had 60 on and off ramps. The 
Public Transport Data Service (PTDS) database has been used as base source for 
building the scenario. The dataset constituted section-based information with 
attributes such as link ID, volume, speed, occupancy etc. (for mainline and ramps) 
for the years 2009 and 2010. For the purpose of this task, 2010 data were used 
because a larger dataset was available (data collected every two minutes) compared 
to 2009; 2010 data is also more recent, providing the opportunity to develop a 
simulated scenario which is closer to reality (Chung et al., 2011).  
The data set for 2010 has a span from February till May. A case day of May 
2010 was chosen for the scenario simulation.  The chosen day, 25 May, was a regular 
business day, a Tuesday with major educational institutions running having good 
weather and not raining. The first step in building the simulation scenario is to create 
a traffic demand for the day. For this simulation, a time duration of 17 hours (3:00 
am--8:00 pm) was selected to ensure the completeness of the data output. In the next 
stage, traffic matrixes are created for the whole simulation time span at an interval of 
15 minutes, producing 68 matrixes.  
A calibrated motorway Aimsun model of Brisbane headway distribution shows 
that the current models are unable to reflect the application of MMS. The Pacific 
Motorway model is run using the Aimsun CF model (the Gipps CF model). For 
different speed ranges, the headway distributions are extracted. Figure 58 shows 
headway distributions from the Gipps simulation model for different ranges of speed. 
By decreasing speed, headway in the Gipps model will not increase and follows 
almost the same distribution. Therefore, the Gipps model is not sensitive to speed 
changes and cannot emulate changes of driver behaviour as a result of driver speed. 
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Figure 58 indicates that it is not a suitable model for the simulation safety effect of 
VSL systems. 
 
Mean speed (m/s) 10 15 20 25 
Mean headway (sec) 1.4 1.6 1.36 1.44 
Figure 58: Headways distribution in the Aimsun simulation model for different range of speed 
In conclusion there is a need for building a new CF model that is robust in 
reproduction of the safety indicators and at the same time sensitive to the 
implementation of MMS and capable of reproducing headway distribution shift. The 
new model needs to be simple to calibrate for the purpose of the evaluation of the 
motorways. In the next chapter a new CF model will be introduced that addresses the 
above issues. 
 
5.3 PROPOSING THE SPACE BASED MODEL CF 
 
The Space Based Model is similar in concept to human personal space, “the 
region surrounding a person which they regard as psychologically theirs” 
(Wikipedia, 2012). Humans feel comfort or discomfort according to the space in 
which they are situated. This space could be in rest or in motion. The question then 
arises of whether a driver has a similar space when driving. Does the driver have 
spatial understanding of the vehicle’s external representation? And consequently, can 
a “driver-vehicle personal space” be assumed?  
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The human personal space concept or “driver-vehicle personal space” can also 
be accompanied by the notion of group movement of animals to model a platoon of 
vehicles. For example, fish or birds move in a school or group, which can inspire the 
modelling of a platoon of driver-vehicles. The basic idea for the model presented in 
this research came from the simulation of fish school (Huth & Wissel, 1992, 1994), 
as well as human personal space. Huth and Wissel illustrated that if each fish in their 
simulation model mimics the average influence of their neighbours, the model shows 
the characteristics of a real fish school. The CF model is developed based on these 
concepts. The three behaviour patterns, based on space between drivers, are 
Attraction, Parallel Adaptation and Repulsion. The safety conditions of motorways 
showed that the most common types of motorway crashes are usually rear-end 
crashes Golob et al. (2004). In the SBM, at the moment we restrict ourselves to 
model a single lane of traffic and ignore lane changing, because the reproduction of 
rear-end conflicts is the main focus of this research. Later, after developing the CF 
model, the SBM car following is combined with one of the existing lane changing 
models in a microscopic simulation platform to conduct further tests on the model.  
In the SBM, space between leader and follower is divided into three zones. If 
vehicles are too close, the driver is in the repulsion zone and will decelerate. When 
vehicles are further apart, the driver is in the parallel adaptation zone, where the 
driver mimics leader’s speed. Finally, after the parallel adaptation zone, the driver 
will try to catch up with the leader, and therefore accelerate.   
In other words, under a certain short distance the driver feels unsafe and tries to 
avoid a collision. This threshold is called repulsion distance (DÛ¯±). In further 
distances the driver tries to achieve a similar speed to the leader car to keep moving 
in harmony with the rest of the platoon. The maximum distance a driver attempts to 
drive with a similar velocity to the leader is called parallel adaptation distance (D±[Û). 
Beyond the parallel adaptation distance, the driver feels far from the leader and tries 
to catch-up again with the leader with increased speed (Figure 59). 
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Figure 59: The zoning in the SBM 
 The formulation of this model follows below. Firstly, the definition of the zoning is: 
Equation 14: DÛ¯± = È st5P.qr7.)∗st5É ∗ s +  Dë[ + σ 
 D±[Û =  γ ∗ DÛ¯±  
 Where:  
  +: speed of vehicle n at time t  
  
îç{: Repulsion threshold 
  
îç: Parallel adaptation threshold 
   ï: The calibration parameters 
   : Length of vehicle n (follower vehicle) 
 σ: A standard normal random number for vehicle } (σ0,1) 
  
 îðx: Spacing in stop condition 
 
According to the defined zones, the driver determines speed in the next 
simulation time step according to the following equations: 
Repulsion ∆xt < DÛ¯± and v()t ≠ 0:  
Equation 15: vt + ∆t = vt + D­0®®/(φ × (∆t)) + σ(0,0.05) 
St.  
 D­0®® = ∆x(t) − DÛ¯± 
  φ = õ if ∆v(t) > È ∆\t(5)P×st(5)É                1  else                                               2.4 
 
Parallel adaption (DÛ¯± < ∆x(t) < D±[Û): 
Equation 16:  v(t + ∆t) = v()(t) ∗ σ(0.1, v()(t)/V) 
Attraction (∆x(t) > D±[Û): 
Repulsion  Parallel adaption  Attraction 
     F      F      F      L 
  
Equation 17:  vt + ∆t = min V, v® t, v()t ∗ ∆xt/s)) 
St.  v® (t) = v(t) + a ∗ ∆t 
Where: 
îz&÷÷: differentiation of vehicle’s spacing ∆() with repulsion distance ø : parameter to change the reaction of driver between pure and tolerated repulsion ∆ : apparent reaction time, a constant for all vehicles and equal to simulation step ∆(): spacing between follower and leader vehicle ∆+(): speed difference between follower and leader vehicle  : maximum acceleration the driver of vehicle n wishes to undertake ù: speed at which the driver of vehicle n wishes to travel  +÷(): feasible speed for vehicle n according to an and current speed 
repulsion 
Tuesday, April 22, 2014 REF _Ref332799279 \h Equation 14 plays an 
distance is defined as multiples of vehicle length and speed. It has been already 
discussed that for every extra 10 km/h speed, drivers should get farther than one 
vehicle length apart. For this reason if the speed of vehicle in the coefficient in 
Equation 14 is divided by 2.5 m/s, that is equivalent to 9km/h. However, as we 
know, when vehicles travel at higher speeds, they drive closer with shorter 
headways. Therefore, an extra 0.1 ∗ v(t) is included in È st(5)P.qr7.)∗st(5)É ∗ s to apply 
n real time  ADDIN EN.CITE <EndNote><Cite 
include the above fact and at the same time keep the model running and have a stable 
and crash-free simulation. This 0.1 ∗ v(t) incorporates the fact that drivers 
overestimate the distance with their leader in higher speeds. When speed increases, 
the repulsion distance increases at a slower rate and shorter headways at higher 
speeds are expected.  Dë[ is a distance that a stopped vehicle considers it as its 
territory. Finally, σ represents the distribution within population. In this study’s 
model, like other models such as Gipps or the psychophysical models, all the random 
drivers representing population randomness are drawn from normal distribution. 
After defining the repulsion zone, the parallel adaptation distance D±[Û is simply 
defined as a multiple of repulsion distance. In our experiments we determined that a 
value of two is an appropriate value for γ based on our observation from the NGSIM 
data.  
Equation 15 is also important in defining the SBM performance. In this 
equation D­0®® determines how close the vehicle is to its leader, rather than the 
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repulsion distance. Therefore, for example, if DÛ¯± is 30m and current spacing is 
25m, then D­0®® will be -5. Therefore, D­0®® is a negative value that causes a speed 
reduction of the follower vehicle. D­0®® is placed in the follower vehicle speed 
formulation and it is divided by φ × ∆t where φ determines how sharply the 
vehicle should decelerate. In this expression, the model will intelligently check the 
speed differences with the leader. If the driver did not perceive a considerable speed 
difference from the leader, φ is a high value of 2.4, otherwise it is 1. This φ allows 
ord></Cite></EndNote> (TSS- Transport Simulation Systems, 2010b) . 
models, particularly CF and LC models, can be written in C++ language and using 
croscopic Model SDK (  HYPERLINK "http://en.wikipetep will be appropriate, 
to the simulation step of any experiment. In Equation 15 there is also a population 
distribution term of σ0,0.05. 
Equation 16 defines the speed when the vehicle is in the parallel adaptation 
zone. In this equation, speed will be the leader speed with a random variation value. 
However, the random number is chosen from a distribution depending on the portion 
of vehicle speed to the desired speed, to make the random number value appropriate 
to the absolute speed magnitude. 
Equation 17 determines speed in the attraction zone. The driver wants to catch 
up with desired speed. The speed is the minimum of: desired speed V; feasible speed v® t according to the desired acceleration; and a portion of its leader speed. The last 
term in this equation, v()t ∗ ∆xt/s), is to keep the model stable according to 
the leader speed, and spacing when the leader speed is too low. When the remaining 
spacing is not sufficient to allow the follower car to drive with its own desired speed, 
this third term is the deterministic term.  
Advantages of the SBM are that it is self-organised and any perturbation in the 
leader trajectory will be managed. It specifically performs better for more precise 
detailed traffic metrics such as headways and TTC and other safety-related indicators 
such as speed deviation. The SBM is easy to calibrate for safety metrics because of 
its simple structure. Since the SBM divides the driving phases into three, it is 
relatively easy to conduct a more focused calibration. For example if the focus is 
short distance measures, then the focus should be on the repulsion zone.  
  
The SBM is particularly designed to make microscopic simulation able to 
evaluate safety impacts after application of an intelligent transportation system such 
as VSL. SBM is relatively simple, which allows the modeller to track the effects of 
any calibration on the CF parameter. Most model parameters correspond to real 
driver behaviour. Although the model initially targeted individual driver metrics such 
as headway, it can also reproduce the real world traffic flow such as average volume 
and average speed. The fundamental traffic diagrams can also be reproduced. The 
numerical simulation of the model is quick. 
Figure 60 illustrates a trajectory of a pair of following vehicles, simulated 
using the SBM CF and Gipps CF models. The real trajectories are from the NGSIM 
data which shows that, while the SBM is stable and no collision occurs, it is able to 
create short headways and TTCs close to reality. In this section of the chapter, we are 
observing the behaviour of the proposed model. Figure 60 gives an observational and 
descriptive picture. Dimensional metrics for comparing the CF model are presented 
in the next section, in Table 16, Figure 62 and Figure 63. The noticeable fact in the 
speed profile in the first graph of Figure 60, is that the Gipps modelled follower is 
closely following the leader car profile and any small movement of the leader vehicle 
will be unrealistically copied. The SBM speed profile varies more freely and 
naturally, and in that sense it is closer to the behaviour of the observed following 
vehicle. In the second graph of Figure 60, the SBM is more successful in mimicking 
the shorter headways than the Gipps model. However, the Gipps model in this 
particular trajectory pair of vehicles is better in the longer headways, between 230 to 
240 seconds. In the second diagram in Figure 60, the number of TTC events is also 
illustrated. The frequency of TTC events below three seconds in the SBM is equal to 
the observed data, while the calibrated Gipps model does not have any TTC below 
three seconds.  
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 Figure 60: a) Speed b) Headway profile and short TTC events for a pair of following vehicles 
 
After testing the SBM for a single following vehicle, it is necessary to observe 
the creation of a traffic flow using the SBM. A random vehicle generator and the 
SBM CF are coded in Matlab. A single straight lane was simulated. The range of 
volume gradually increased from 500 to 2300 vehicles per hour. Simulated detectors 
were created along the road in a certain cross section of the lane to measure average 
speed, volume and density of every five minutes of traffic flow data. In a particular 
time an artificial bottleneck is created to make the model able to create the lower 
wing of the speed-volume diagram. For this purpose, speed limit is declined in the 
downstream segment of the simulated single line. In that sense, the SBM does not 
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have difference with the Gipps model and the flow needs to be externally disturbed 
or the downstream capacity decreased. Figure 61 shows the speed-volume diagram 
and volume-density diagram illustrating that the model is able to reproduce the 
fundamental flow diagrams. There are a few points that indicate the capability of the 
SBM in reproduction of fundamental diagrams. Figure 61-a and b illustrate that the 
capacity of one lane is about 2200 veh/hr, which is an acceptable range for freeway 
lanes. Additionally, Figure 61-a diagram has two wings for free flow and saturated 
jam flow wing. 
a)  
b)  
Figure 61: a) Speed-flow b) Flow-density diagram obtained from a simulation using the SBM CF 
model 
5.4 SBM MODEL SAFETY INDICATORS REPRODUCTION 
For the optimisation process, the sum of UTheil’s Inequality Coefficient for 
both speed and following distance as an objective function in Equation 18 is 
minimized. Hourdakis et al. (2003) stated that UTheil’s Inequality is more sensitive 
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and accurate than a goodness-of-fit measure. Xin et al.(2008) used Theil’s Inequality 
Coefficient for the calibration of their CF model too. Some researchers also 
simultaneously calibrated speed and space (Vladisavljevic et al., 2007). Therefore, 
speed and spacing are calibrated at the same time to gain optimum reproduced 
headways. 
Equation 18: 
ε­¯ = p
1n ∑ ~v2s0 − v200 P06)
p1n ∑ v2s0 P06) + p1n ∑ v200 P06)
+ p1n ∑ ~x2s0 − x200 P06)p1n ∑ x2s0 P06) + p1n ∑ x200 P06)
 
v2s: Observed speed v20: Simulated speed x2s: Observed spacing x20: Simulated spacing n: Number of observation 
 
In this part a Genetic Algorithm (GA) is implemented to minimise the 
objective function for each trajectory and calibrated CF model parameters. At the 
first instance, the follower and leader location is reset to the real position and then by 
taking the leader trajectory and applying different CF models, simulation is carried 
out to simulate the follower. Table 15 illustrates the calibrated parameters. 
Minderhoud and Bovy (2001) reported several values for critical TTC namely, 
4, 5, 3 or 3.5 seconds from the literature. On the other hand, a short headway or 
tailgating phenomenon where a driver follows its leader with a shorter headway time 
than his or her own reaction time is an appropriate measure for evaluating safety in 
motorways. Driver reaction time is reported to vary from less than one second to 
about two seconds (Lamm et al., 1999). In this research, headways less than one 
second, counted as the short headways and risky event. Therefore, according to the 
literature, TTC values of less than three seconds and headways of less than one 
second are chosen as the critical events.   
The error in estimation of space, speed, acceleration, and headway in every 
simulation step was investigated. For example, the headway RMSE is the average of 
the error between the real follower car and the simulated vehicle in every deci-
second of simulation of all the simulated trajectory pairs. The RMSE is the square 
root of the variance of the residuals (Equation 19): 
  
Equation 19: RMSE = p) ∑ \¤(û¤û¤ P06)   
Where: x0: simulated value 
 y0: real value at time i 
 n: number of observation 
 
Table 15: Calibrated Parameter Values for Various Models 
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The main purpose of this research was the risky events frequency reproduction 
while other general metrics prediction stays in an acceptable range. Under similar 
conditions to the other CF model tests that used the NGSIM data, the SBM CF is 
examined against the rest of the models. The new model in Figure 62 and Figure 63 
has the closest result to the observed data and the minimum mean headway error. In 
terms of frequency of short TTC event (<3sec) and short headway (<1sec) events, the 
SBM model has the most accurate reproduction of safety indicators. The diagram in 
Figure 63 shows that the SBM model is also significantly better than models other 
than the Gipps model in prediction of speed differences, an important index for 
traffic safety. Figure 62 and the first two columns of Table 16 illustrate that the SBM 
is superior compared to the other models in terms of TTC and headway frequencies. 
For validation purposes and ensuring that the other measures of the SBM are among 
the best models, the metrics prediction errors were also investigated. In terms of 
errors in the general metrics predicted value, for spacing and speed the SBM is 
amongst the top three models (Table 16). For headway value prediction SBM is the 
best model. However, the SBM is placed fourth for acceleration prediction. The 
accuracy of most of the measures and ranking among the best CF modelling can 
provide credibility to the SBM acquired TTC and Headway frequencies. 
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Figure 62: TTC and short headway reproduction in different CF models. Frequency closest to 
observed is the best 
 
Table 16: The aggregate errors for NGSIM data for different CF models 
CF model TTC < 3 sec 
Frequency  
(Simulated
/Observed) 
hdwy < 1 sec 
Frequency 
(Simulated/
Observed) 
 
RMSE x 
 
RMSE v 
 
RMSE a 
 
RMSE 
Hdwy 
GHR 0.18 0.02 18.63 1.35 1.47 1.06 
IDM 0.56 0.40 7.67 1.36 1.51 0.39 
Wiedema
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2.43 2.28 13.33 3.03 3.06 1.32 
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a)   
b)  
Figure 63: RMSE for a) Headways and b) Speed deviation 
In previous chapters all the models were modified and improved to have a 
better strength in reproduction of safety indicator. Also in previous chapters, short 
TTC reproduction has been shown to have improved for most of the models, while 
the short headway frequency did not show any significant improvement and some 
worsened. One of the main strengths of the SBM is in realistic short headway 
frequency reproduction. Figure 64 illustrates that SBM has the best performance in 
short headway reproduction. 
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Figure 64: Short headway and TTC reproduction in different modified CF models according to the 
chapter 4. Frequency closest to observed is the best 
5.4.1 Experiments considering the stochastic nature of the models 
After the calibration process and simulation of the NGSIM trajectories and 
finding the calibration parameter in Table 15, since most models contained stochastic 
parameters randomly drawn from a distribution, this section compared the models 
using the average of a few iterations. That is, each model was run five times and their 
average results used for model comparison. The stochastic terms for each model are 
described, as were given by the developers of each model.  
All random numbers were drawn from a normal distribution with mean values 
from the optimisation phase. In IDM, these stochastic terms included, desired speed, 
maximum desired acceleration, desired deceleration rate and safe headway; in 
Wiedemann, desired speed, NRND, RND1, RND2, RND3, that indicate the 
randomness of driver differences in the psychophysical model (Wiedemann & Reiter, 
1992); in the Gipps model, desired speed, maximum desired acceleration, and 
desired deceleration rate; in CA model, desired speed, maximum desired acceleration 
and also nÛ[,7,) in the model structure. The GHR model is proposed mostly as a 
deterministic model and model designers did not predict any stochastic parameters in 
the model structure. 
 This is the only model that does not need to run multiple times and only its 
optimum result is compared with the rest of the models. Two important measures 
were calculated to compare modelled performances. Firstly, frequency of the 
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occurrence of critical safety events in the total simulation experiment was used, and 
secondly, the magnitude and value of safety indicators that can show the severity of 
an event. Figure 65 and the first two columns in Table 17 present the frequency of 
short TTC and headways against observed data. 
 
Figure 65: TTC and short headway reproduction in different CF models. Considering stochastic terms 
frequency closest to observed is the best (average of 5 simulation runs) 
 
Table 17: The aggregate errors for NGSIM data for different CF models (average of five runs) 
 Proportion 
of TTC<3 
Proportion of 
headway<1 
RMSE x RMSE v RMSE a RMSE 
Hdwy 
GHR (Ozaki)  0.24 0.03 19.94 1.39 1.47 1.06 
IDM 0.59 0.40 7.82 1.37 1.51 0.39 
Wiedemann  2.45 2.25 14.03 3.08 2.94 1.29 
Gipps 0.70 0.03 5.52 1.05 1.52 0.31 
CA 
 
3.16 
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0.37 
 SBM 0.95 0.56 5.91 1.37 1.92 0.29 
 
0
100
200
300
400
500
600
Fr
e
qu
e
n
c
y 
o
f T
TC
 
<
 
3 
s
e
c
TTC reproduction in different CF models
SBM
Wiedmaan
IDM
Gipps
GHR
CA
Observed
0
200
400
600
800
1000
1200
1400
Fr
e
qu
e
n
c
y 
o
f H
e
a
dw
a
y 
<
 
1 
s
e
c
Headway reproduction in different CF models
CA
Observed
GHR Gipps
IDM
Wiedmaan
SBM
 161 
 
 
The new model in Table 17 and also Figure 65 has the closest TTC and short 
headway frequency, compared with the observed data and the minimum mean 
headway error. In terms of frequency of short TTC events (<3sec) and short headway 
(<1sec) events, the SBM model has the most accurate reproduction of safety 
indicators. In Table 17, RMSE for the spacing and speed in among the top two 
models is shown. Figure 66 also demonstrates that the SBM headway RMSE is the 
minimum error. 
  
Figure 66: RMSE for headways  
5.5 THE MODEL VALIDATION 
5.5.1 Validation against unsafe vehicle trajectories from another source of 
traffic data 
For validation, the model needs to be tested against another source of data. 
Therefore, NGSIM data from another location was used. The data was collected and 
processed on a segment of Interstate 80, located in Emeryville, California, on April 
13, 2005 (Figure 67). For choosing the trajectories according to our need, firstly out 
of 45 minute segments of data, the 4:00-4:15 pm data was chosen. Then the vehicles 
that experienced TTC lower than three seconds were chosen. Later, out of these 
vehicles, the top 100 with the smallest TTC were selected.  
The simulation for the 100 trajectories was conducted, and the frequency of the 
short TTC and error in the headway reproduction measured. Figure 68 illustrates that 
even for this new set of data in another motorway, the SBM model is the most robust 
CF model among the rest of the CF models in reproduction of TTC frequency. On 
the other hand, the headway errors are almost as accurate as the CA and Gipps 
models. 
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Figure 67: NGSIM study area at interstate 80 (Cambridge Systematic, 2005) 
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Figure 68: Short TTC frequency in different CF models and the RMSE in Headway reproduction in 
the I-80 road trajectory data 
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5.5.2 Validation against safe vehicle trajectories with larger TTC and 
headways 
Any CF model needs to be inclusive and able to model any sorts of vehicle 
manoeuvres. To this point, the ability and robustness of the SBM has been shown for 
modelling the unsafe manoeuvres of vehicles. However, as an inclusive model, the 
SBM needs to be tested against safe vehicle trajectories as well. Therefore, in this 
stage, we are examining and validating the SBM against the NGSIM data in US101 
however, this time the safe trajectories will be selected for simulation with the SBM 
model. All the trajectories in the NGSIM data in the US101 freeway that experience 
TTC smaller than three seconds or lane changing are omitted. After the deduction 
process, 640 trajectories remained. These 640 trajectories are simulated with the 
Gipps, GHR, IDM, CA, Wiedemann and the SBM. In this source of data, root mean 
square error of headways will be looked at. Figure 69 illustrates that the SBM model 
has relatively acceptable behaviour compared with the other CF models. Root mean 
square error in simulation of headways, speed differences between following cars 
and space errors is amongst the models with the best performances. 
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Figure 69: Errors of different CF models simulating safe vehicles’ trajectories 
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5.5.3 Validation against the entire vehicle trajectory dataset  
The simulation of risky vehicles trajectories in the previous section showed 
that the SBM is the most robust CF model in the risky events frequency 
reproduction. However, a fairer model evaluation should test the entirety of vehicle 
trajectories, compute the percentage of those vehicles that experienced a risky event, 
and compare these values with the observed NGSIM data. For validation, it is also 
necessary to test the model against another source of data, separate from what was 
used for models evaluated in previous sections. A more convincing case therefore, 
would be made if the complete dataset was used for the validation. The NGSIM data 
from another location, Interstate 80 located in California, was used. To choose the 
trajectories according to our requirements, out of 45 minutes of data, we chose 4:00--
4:15 pm, which included different speed regimes. Only vehicle trajectory pairs that 
did not experience LC are selected. The simulation for the 724 trajectory pairs is 
conducted and the frequency of the short TTC and error in the headway reproduction 
are measured. The simulations are carried out in five iterations for all the dataset and 
then the overall average outcome is used for comparison. The total simulation results 
in Figure 68 illustrate that, even for this new set of data of the motorway, the SBM is 
the most robust CF model among the CF models in TTC and short headway 
frequency reproduction. On the other hand, the headway prediction in Figure 71 is 
almost as accurate as the CA and the Gipps model, and with 95% level of 
confidence, no model significantly reproduces more accurate headways than the 
SBM. 
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Figure 70: Short TTC and Headway frequency reproduction in different CF models, at I-80 road 
trajectory data 
 
Figure 71: Headways RMSE at the validation stage 
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5.6 INCLUDING THE SIMULATION VARIANCE VALUES 
 
By using 30 simulation runs, we can create confidence intervals for each of the 
variables of interest and compare these confidence intervals with the observed 
values. In this way we show which CFMs present values that are statistically closer 
to the observed values. In fact, figures that show these mean values (e.g. Figure 65) 
can be changed to a box plot that shows this mean tendency along with the variation 
(see Figure 72). 
In this series of tests we have included the variance values of variables. We 
assume these variables are selected from a normal distribution with a given mean and 
a variance. The mean values are drawn from an optimization process similar to 
section 5.4. The random variable therefore includes: in IDM: desired speed, 
maximum desired acceleration, desired deceleration rate and safe headway; 
Wiedemann: desired speed, NRND, RND1, RND2, RND3, Gipps model: desired 
speed, maximum desired acceleration, and desired deceleration rate; CA model: 
desired speed, maximum desired acceleration and also nÛ[,7,) in the model structure. 
The GHR model is proposed mostly as a deterministic model and model designers 
did not predict any stochastic parameters 
Table 18: Calibrated Stochastic Parameter Values (mean and deviation) for Various Models 
IDM Wiedemann Gipps CA SBM 
Par. mean Dev Par. mean Dev Par. mean Dev Par. mean Dev Par. mean Dev 
Tsafe 1.12 0.2 Vdes 30 1 Vdes 30 3 amax 3 0.25 V 24.94 1 
amax 1.48 0.2 NRND 0.5 0.15 an 3.06 0.2 vmax 20 1 a 2.75 0.1 
bDes 1.5 0.2 RND1 0.5 0.15 bn -5.01 0.25 nÛ[­ 0 1 σÛ¯± 0 1 
Vdes 25.03 3 RND2 0.5 0.15 B -6.44 0.25    σ2±¯¯­ 0 0.05 
   RND3 0.5 0.15          
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Figure 72: TTC and short headway reproduction in different CF models. Frequency closest to 
observed is the best 
 
Table 19: T-test results for each CF model’s critical TTCs against observed, significance level 95% 
t-test against  TTC Freq <3 sec Headway Freq <1 sec 
 CF model -0.05% Mean +0.05% -0.05% Mean 0.05% 
Observed data 'CA' -628.11 -619.43 -610.75 477.91 511.46 545.01 
 'GHR' 39.31 48 56.68 555.44 589 622.55 
 'Gipps' -63.54 -54.86 -46.18 450.08 483.63 517.18 
 'IDM' -59.74 -51.06 -42.38 314.94 348.5 382.05 
 'Wiedmaan' -398.78 -390.1 -381.41 -567.95 -534.4 -500.84 
 'SBM' -49.88 -41.2 -32.51 211.44 245 278.55 
 
The numbers in Table 19 indicate the mean of observed data minus the mean of 
each CF model. For example the mean of TTC <3 sec in the observed data minus the 
mean of the critical TTC in the CA model is estimated to be -619.43, and a 95% 
confidence interval for the true difference of the means is [-628.11, -610.75]. Table 
19 illustrates that for both critical TTC and headways, the SBM model is 
significantly better than the other models by least difference with the observed data. 
Table 20: The aggregate errors for NGSIM data for different CF models 
 RMSEx RMSEv RMSEa RMSEHdway 
 
Mean Std Mean Std Mean Std Mean Std 
'CA' 6.20 4.45 1.76 0.44 2.27 0.27 0.39 0.49 
'GHR' 19.95 7.77 1.40 0.32 1.47 0.20 1.13 0.77 
'Gipps' 6.22 14.85 1.08 0.50 1.53 0.23 0.33 0.24 
'IDM' 8.10 3.97 1.39 0.36 1.52 0.21 0.41 0.29 
'Wiedmaan' 13.31 10.44 2.97 2.05 3.01 1.73 1.30 1.47 
'SBM' 6.04 4.61 1.38 0.39 1.97 0.37 0.39 0.78 
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Table 20 illustrates the aggregate errors for NGSIM data for different CF 
models. The table indicates that in terms of model prediction of spacing, SBM has 
the least error. In terms of speed the SBM after the Gipps model has the best 
simulation result. In terms of acceleration prediction, the SBM is not among the best 
models. The main purpose of this research was risky events frequency reproduction 
when other general metrics predictions stay in an acceptable range. Table 19 
illustrates that the SBM is superior compared to the other models in terms of TTC 
and headway frequencies. Figure 75 illustrates headway value prediction for each CF 
model and it indicates that the SBM is among the best models.  
 
Figure 73: RMSE for Headways  
5.7 EMBEDDING THE SBM IN AIMSUN MICROSCOPIC SIMULATION  
To integrate new behavioural models and to overwrite the models on the 
default models, Aimsun has introduced “Microscopic Model SDK” (TSS-Transport 
Simulation Systems, 2010b). Behavioural models, particularly CF and LC models, 
can be written in C++ language and using Microscopic Model SDK (Software 
development kit) in Aimsun, can be substituted in the simulation model. “Aimsun 
Platform makes extensive use of the plug-in concept, allowing external components 
to be loaded by Aimsun to extend the functionalities of the application. Each plug-in 
is coded in C++ as a DLL (Windows) using the Aimsun SDK” (TSS-Transport 
Simulation Systems, 2010b, p. 6). Aimsun CF model is a variation of the Gipps CF 
model. The new SBM CF is written and plugged into Aimsun. The following image 
shows a snapshot of a simulation that has been run with the new CF model on it. The 
figure also illustrates the log window of how cars are placed in the different spaces 
(repulsion, parallel orientation and attraction) and based on that, how they chose their 
speed in the next simulation step. 
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Figure 74: A snapshot of a Aimsun simulation model running with the SBM CF model 
  
5.8 HEADWAY DISTRIBUTION IN AIMSUN AND THE SBM 
To investigate the distribution of headways in the SBM and compare it to the 
default model (the Gipps model), a simple straight link with the length of two km is 
modelled (Figure 75). The simulation is the first simulation of SBM in Aimsun to 
test the headway distribution and since it only includes a single short link with the 
length of 2 km, therefore the link was instantly loaded by the required flow, (in 
contrast to the large networks that need time for traffic flow to reach inner links of 
the network) and there was no need for simulation warm-up and cool down. Three 
hour traffic simulation is conducted using a different range of traffic demand from 
500 to 2000 vehicles per hour. The speed limit is set to 80 km/h. Figure 76 illustrates 
the normal behaviour of the SBM in reproduction of the headway versus volume.  
 
Figure 75: A simple straight single lane link modelled in Aimsun with the length of 2 km  
 173 
 
 
Figure 76: Headway-volume diagram from SBM CF model embedded in Aimsun 
 
The distribution for different ranges of volume is in Figure 77. Figure 77 
illustrates that while the Gipps model is unable to produce headways shorter than 1 
second because of its safety limitations, the new model enables Aimsun to produce 
headways above 0.6 sec. Based on different observations, and drivers have average 
headway very close to 1 second, while the average headway in Aimsun is 1.4 
seconds. 
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Figure 77: Headway distribution in Aimsun with the Gipps and SBM car following model 
5.9 SBM APPLICATION FOR SAFETY EVALUATION OF VSL  
It is currently not straightforward for traffic authorities to be able to determine 
whether application of a VSL system or a Ramp Metering system improves safety 
and if this improvement is significant. Therefore, there is a clear demand to have a 
microscopic simulation model that reflects the estimated changes in traffic measures 
after employing a managed motorway system, such as VSL or RM. 
 Unfortunately, no detailed traffic data were available before and after the 
applications of a VSL at the time of this study, so it is unclear how traffic measures 
change. For instance, changes in headway distribution are unknown after the 
application of VSL systems in motorways.  This lack of data inhibits modellers to 
know how they should model the effect of a VSL on a motorway. VSL apparently 
decreases the average speed of the traffic stream. Although decreasing speed can be a 
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measure of less severe crashes, other important safety measures, such as short 
headways and TTCs among vehicles, are equally as important.  
To overcome the lack of VSL data, headways in different speed ranges can be 
extracted from the NGSIM data. The assumption, therefore, is that drivers have 
similar headways and TTCs, in specific ranges of speeds, regardless of whether this 
speed is the result of imposed speed by a VSL system or the natural traffic condition. 
The NGSIM data is then explored in different ranges of speed. Figure 78 illustrates 
how headway distribution will change according to driver speed ranges. The figure 
illustrates that headways decrease as speed increases. In conclusion, it is expected 
that once a VSL system imposes a speed limit, a similar shift can be seen in headway 
distributions. This fact also has been stated by other research (M. Minderhoud & 
Hansen, 2003; M. M. Minderhoud & Zuurbier, 2004; SWOV, 2007). Minderhoud 
and Hansen (2003) similarly found that as traffic speed increases, the average 
headway decreases. Therefore, it is expected that, once a VSL system imposes a 
speed limit, a similar shift can be seen in the headway distribution. Figure 78 shows 
the shift in headway distribution in the observed data. The higher the speed range, 
the shorter the headway a driver will take. Relatively small speed segments of 5 m/s, 
are chosen to mitigate the transitional phase error. As at the time of this research 
there was no access to VSL data; we were unable to track drivers’ speed transition 
phase. In real life, drivers need time to adjust their speed. However, Figure 78 
illustrates that the SBM simulation headway distribution shifts, due to the speed 
changes resulting from traffic flow not VSL application. Figure 78 indicates that 
headway distribution is affected by traffic flow average speed, as in the observed 
data (NGSIM). 
  
 
Mean speed (m/s) 10 15 20 25 
Mean headway (sec) 2.45 2.11 2.01 1.8
1 
Figure 78: Headway distribution shift to higher values when speed decreases in the NGSIM real data 
5.9.1 Headway distribution comparison between the Aimsun model and SBM 
In this stage of research, it was necessary to have all complete packages of the 
behavioural models such as the lane changing model, simultaneously working along 
with the SBM CF model. Aimsun (TSS-Transport Simulation Systems, 2010a) 
provides such a platform. As section 2.1.3 also showed, the Gipps model had better 
performance compared with the other models in terms of TTC frequency, speed 
differences, headway and speed error. Moreover Lee and Peng (2005) states that the 
Gipps CF model presents driver behaviour better than the other CF models. Aimsun 
also uses the Gipps CF model. As Figure 58 showed, Aimsun was unable to replicate 
the headway shift. In other words, Aimsun is insensitive to the average traffic speed. 
The SBM was then selected to examine its ability to evaluate VSL. The SBM 
car following was written in C++ and plugged into Aimsun using a Software 
Development Kit. In fact, the SBM  was substituted for the Gipps CF model in 
Aimsun. The Aimsun CF model is a variation of the Gipps CF model. The 
experiments, from this time forth, use the simulated motorway in Brisbane that has 
three lanes in each side. By replacing the car following model with the SBM in the 
Aimsun software, all the Aimsun behavioural models, including the lane changing 
model, remained the same. Therefore, the experiments are not only restricted to the 
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CF model, and in the simulated three-lane motorway platform, lane changing still 
naturally occurs, though we only intervened in the CF model by replacing the default 
CF model with the SBM. As a result, since the lane changing still occurs, the future 
experiments on VSL application on the motorways remain appropriate. 
The fundamental diagrams have been created in the Aimsun model after 
running the all-day simulation scenario using the SBM car following model. Figure 
79 illustrates the speed-volume diagram for a detector in the north bound of the 
Pacific Motorway (id= 7564). Each point shows a 15 minutes span of traffic data. It 
shows that the new model is able to create the traffic jam wing of the Fundamental 
Diagram.  
 
Figure 79: Fundamental Speed-Volume and Volume-Density diagram in two locations 
The Pacific Motorway is run using the Aimsun CF model (the Gipps CF 
model) and for different ranges of speed, the headway distributions are acquired. 
Figure 58 in the previous chapter showed headway distribution from the Gipps 
model simulation for different ranges of speed. By decreasing speed, headway in the 
Gipps model will not increase and follows almost the same distribution. Therefore, 
the Gipps model is not sensitive to speed change and cannot emulate changes in 
driver behaviour as a result of driver speed. This lack of sensitivity indicates that 
Aimsun is not a suitable model for the simulation safety effect of VSL systems. 
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The SBM ability to evaluate VSL is examined in this section. The proposed 
SBM model is written using a Software Development Kit and is substituted the 
Gipps CF model in Aimsun. The SBM should be able to reflect changes in safety 
indicators, according to speed limits imposed by VSL. The main focus though should 
be on the repulsion zone. One of the advantages of this model is that driving 
behaviour analysis is more focused by having different driving zones. Since DÛ¯±  in 
the SBM, at Equation 14, is dependent on the vehicle speed, it is expected that the 
shift in headway distribution will be observed.  
Figure 80 illustrates that headways are slightly larger for smaller speeds, as in 
real life. This trend behaviourally would be expected in drivers. The lower speed 
driver has more control over their speed and the headway they have. Figure 80 shows 
how headways shifted in SBM to a higher value once the speed increases. The SBM 
headway distribution shows sensitivity to the average speed. Therefore, the SBM is a 
better CF model to make microscopic simulation models a useful tool for the 
evaluation of ITS in motorways. 
 
Mean speed (m/s) 10 15 20 25 
Mean headway (sec) 2.1 1.8 1.5 1.4 
Figure 80: Headway distribution in the SBM CF simulation for different ranges of speed  
5.10 THE SBM APPLICABILITY FOR VSL EVALUATION EXPERIMENT 
As the SBM model can appropriately vary headways according to a vehicles’ 
speed, it can provide the right platform for testing the effectiveness of a VSL. A brief 
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introduction of the VSL Queue Protection algorithm is presented before testing the 
SBM model ability on the simulation of the MMS effects. 
5.10.1 VSL systems 
Variable Speed Limits (VSL) is a type of Intelligent Transportation System 
(Uno et al., 2005) that, according to the road, traffic, and weather conditions, 
determines the proper speed for drivers in a dynamic manner. VSL are among the 
most effective systems in freeway control management. The aim of using VSL is 
either to improve safety or to raise capacity on motorways. Apart from the VSL 
advantages on improving capacity of the road networks, there are multiple benefits of 
using VSL for traffic safety. “VSL could be implemented in appropriate areas to 
reduce the potential for driver error, excessive speeds, and speed differential 
between cars and to enhance safety” (Lennie et al., 2009, p. 14).  
VSL application, particularly for incident management, has increasingly gained 
importance for improving safety on motorways. The appropriate definition of an 
incident within a VSL design context could be any event that causes queue and 
congestion. The VSL algorithm responsible for reducing speed at the time of queue 
occurrence (as a result of incident or congestion) is called the Queue Protection (QP) 
algorithm. QP also detects the occurrence of incidents and guarantees a well-timed 
reaction to protect the end of queues created downstream from encountering high 
speed traffic. The QP algorithm causes a reduction in the occurrence of secondary 
crashes in crash situations and prevents rear-end crashes in traffic congestions simply 
by decreasing the speed limits. The QP algorithm needs to be fed by information 
provided from the Queue Detection (QD) algorithm. Not only is the QP algorithm 
triggered by the QD algorithm but also, during the queue formation till the queue 
discharges, QD is in interaction with the QP algorithm and provides updated 
information. QD is very critical to predicting queue tail location continuously. Figure 
81 illustrates the QP algorithm main stages and Figure 82 shows the Schematic 
Queue Protection algorithm.  
  
 
Figure 81: QP algorithm stages for determining new speed limits in every calculation interval 
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Figure 82: Schematic Queue Protection algorithm and demonstration of the speed limit changes at the 
time of queue detection by the algorithm  (DTMR, 2010; QUT, 2010) 
Queue protection: set new speed limit in the queue area
Queue information update: update queue information if there is any
Queue detection: update the state of all Detector Sites and detect if there is a queue
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5.10.2 The VSL experiment 
An incident in a microscopic simulation model of the Pacific Motorway is 
created where two lanes are blocked. A morning peak is simulated between 6:45--
7:00 am and an incident is created at 6:50 am and lasts for seven minutes. Figure 83 
illustrates the Aimsun network running the simulation and showing the crash 
characteristics. The vehicle trajectories are collected and analysed before 
encountering the crash location from Aimsun using an API. Evaluation of a VSL 
system in the calibrated Pacific Motorway in Brisbane, Australia, will be presented 
in this section. 
 
Figure 83: The Aimsun network while running the simulation showing the virtual crash scenario 
 
Two scenarios are simulated for both the Gipps and SBM, both with and 
without VSL system for the Queue Protection (QP) algorithm. Figure 84a  shows that 
the Aimsun model is not sensitive to the application of the VSL and as a result, 
cannot be used for evaluating intelligent transportation systems such as VSL. The 
mean TTC values for both scenarios are almost the same. The short headway 
frequencies are only decreased by fifteen percent after the application of VSL.  
  
a  
b  
 Figure 84: The effect of VSL in a crash scenario on mean TTC and short headway frequency obtained 
from a simulation using the a) Gipps b) SBM 
 
The simulation scenarios are repeated using the SBM CF model. The box plots 
in Figure 84-b illustrate that the SBM shows higher sensitivity to the application of 
the VSL and, therefore, can be used for the QP algorithm of the VSL system 
evaluations. The graph clearly shows the mean TTC in the scenario with VSL 
operating in the motorway to have shorter headways. Figure 84-b also illustrates that, 
applying the VSL to protect the tail of the queue, increases the mean TTC of the 
vehicles and shifts it to higher values. The reason for the higher sensitivity of the 
SBM as it is discussed in the model description, is that the reproduced headway 
depends on the driver speed and therefore SBM is able to reflect driver following 
manoeuvres more realistically.   
For validation of the experiments, Table 21 illustrates that there is no 
significant difference between the changes in average travel time and average speed 
in the simulated motorway section, both using the Gipps or SBM CF models. 
Average speed is slightly lower in the SBM and therefore it produces slightly higher 
travel time. Despite this slight difference between the results from the two car 
following model, the SBM is much more sensitive than the Gipps model to the 
application of VSL in reproduction of the TTCs and headways. 
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Table 21: Average travel time and average speed in the section that incident occurs 
 Gipps SBM 
 No QP QP No QP QP 
Speed (Km/h) 72 72 68 64 
Travel Time 
(Sec) 
106 111 122 127 
 
5.11 CONCLUSION 
A new CF model based on fish school models and personal spaces, called 
Space Based Model (SBM) was introduced and found to have the most robust results 
in terms of replication of safety metrics for vehicles. The advantages of this new 
model over existing models were clarified. To ensure the accuracy and reliability of 
the proposed CF model, the fundamental traffic diagrams such as speed-volume and 
speed-density were successfully reproduced using the SBM model simulation. 
The final stage of this chapter was the study of safety evaluation of MMS. For 
this purpose, Aimsun microscopic software was used as the testing platform. A VSL 
system for queue protection was simulated in Aimsun for a motorway in Brisbane, 
Queensland. A ‘before and after’ study using the simulation model showed that the 
headway and TTC distribution from the Aimsun model was not sensitive to the 
application of the VSL, while the proposed SBM made the simulation model 
sensitive to the application of the VSL. Headway distribution and TTC frequency 
were effected just as in the real world. While headway distribution with the Gipps 
model did not change regardless of the imposed speed limit via VSL system, the 
SBM was able to reflect the shift and changes in the headway distribution after 
imposing the speed limit from the VSL system. Future research can be done on the 
other ITS, such as ramp metering or lane management systems. Better field data from 
the ITS effects can help to improve the SBM robustness. 
 
  
  
 
Chapter 6: Conclusions 
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6.1 INTRODUCTION 
The aim of this study was to look at existing microscopic simulation models 
from a safety point of view and assess how they are used in safety assessments and 
reinforce their capability to be used in safety assessment studies. The key objective 
area in this research was the traffic stream on motorways and assessment of safety 
effects of MMS. For that reason, the final purpose of this research was to put forward 
a novel and enhanced CF model, which is responsive to the introduction of MMS 
such as VSL, in the microscopic simulation models’ environment. In the meantime, 
the proposed CF model was required to be more robust than the present CF models in 
replication of the safety metrics. The model should provide the traffic analyser 
assurance of being capable of relying on the microscopic simulation models for 
safety evaluation of MMS. 
6.2 MAIN FINDINGS 
6.2.1 Examination of the Microscopic Simulation Models to Identify Traffic 
Safety Indicators  
This research examined current microscopic simulation models from a safety 
point of view. The common construction, including the factors and regulations that 
administrate the microscopic sub-models (mainly the CF and LC models) associated 
with safety-linked events was identified. Therefore the following points are 
concluded: 
• Existing general purpose microscopic models do not offer a suitable resolution 
for safety study purposes. 
• The majority of factors in microscopic simulation models influences safety. 
• The key parameters in CF models of desired speed, headway, acceleration and 
deceleration, and also reaction time, have a direct influence on safety 
measures. 
An inclusive examination of the safety indicators and their applicability in 
microscopic simulation models identified that: 
• Replicated safety indicators from existing microscopic simulation models 
differ considerably, depending on the diverse sub-models they used, such as 
different CF models. 
  
• Reliability and validity of the safety indicators and other safety-influencing 
factors have been identified as  a platform to measure each model’s success.  
The conducted study on Brisbane Motorways revealed that that nearly all of the 
critical safety indicators are greatly underestimated compared with the observed data. 
The conclusion is that the resolution of current general purpose simulation models 
needs to be improved. 
The following points were found to be crucial in this research direction: 
• To date the existing CF models typically focus on the reproduction of 
cumulative measures, such as density or traffic breakdown. For safety studies, 
the CF model needs to mimic more safety-related measures such as headways 
and TTCs. 
• Re-examination of the impractical model safety hypothesis and improvements 
of the other essential safety related model parameters is crucial.  
• Normative and general models’ configuration needed to be improved.  
• The more a CF model explains human behaviour during driving, the more 
appropriate is the CF model for safety studies.  
• The human error mechanism involvement in CF models is highlighted and it 
should be modelled to identify the safety risks and these demands to advance 
research on the nature of the errors. 
6.2.2 Safety Adapted Car Following (SACF) model  
This part of the research used the Gipps CF model as a platform to build a new 
CF model with more insight into human psychophysical abilities. Based on the 
literature on the different CF models, the Gipps CF model corresponds to driver 
behaviour well. On the other hand, the Gipps model was still far from being practical 
in terms of the necessary level of accuracy for traffic safety studies. The Gipps CF 
model was studied by implementing sensitivity investigations on the model 
parameters and following the safety indicators inside the model arrangement. 
Consequently, ideas have been built up to explore how the model can further be 
improved for safety study functions.  
This study, as a result, modified the Gipps CF model and established a unique 
structure called the Safety Adapted CF Model. The SACF model improves the Gipps 
CF model by applying driver flaw in information and delay in response and action, 
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which can be used for investigating safety measures within motorways. The SACF 
model particularly integrated: applying a human perception restriction; driver further 
delay in driving phase changes; and human imperfection in adjusting velocity.  
To support the validity of the SACF model, simulations in aggregate and 
disaggregate level were conducted. The SACF model demonstrated better 
capabilities to simulate unsafe vehicle movements with short TTCs and headways. 
The outcomes of this research assist to proactively evaluate safety in motorways, via 
microscopic simulation models such as Aimsun (TSS-Transport Simulation Systems, 
1997), which uses the Gipps CF model. The main drawback of the SACF model was 
its complex structure. Therefore, the amount of numeric computation was much 
higher than the original Gipps model. At the same time, the calibration of the model 
would be relatively more costly than the Gipps model. 
6.2.3 Comparison phase and subsequent modifications 
The complexity and costly calibration process was the main disadvantage of 
the SACF model in Chapter 3. Introducing more human aspects to the CF model lead 
to the model becoming inefficient. Therefore, in Chapter 4, all mainstream models 
were investigated to find out the strength of each model and whether they could 
peruse the final objective of this research, which was achieving robustness in safety 
indicator reproduction. The major CF models, including the GHR, IDM, 
Psychophysical, Gipps and CA model, were examined and compared. The initial 
level of comparison between the different generic CF models, acknowledged the 
Gipps CF model to represent driver actions more precisely. The IDM demonstrated 
superior replication of short headways. The CA model furthermore had fairly small 
errors. However, the CF models were far from practical, in terms of the necessary 
level of accuracy for traffic safety studies. Sensitivity tests were conducted on the 
model parameters. Safety indicators (TTC and short headways) were tracked. The 
most suitable modifications were then identified. In the GHR model, the way each of 
“*”, “” and “%” have an effect on TTC has been identified. The intelligent braking 
term and safe time headway were identified for the IDM to be directly effective on 
the chosen measures. The θ was investigated in the Gipps model and had 
considerable effect.  
A new set of parameters for the GHR model was proposed. The result shows 
that the short headways in the model were worse than in other models and that 
  
further research is needed as a consequence of this finding. In the IDM the intelligent 
braking term is modified, without making the model unstable. BXadd decreased and 
bnull was adjusted in the psychophysical model. In the Gipps model, psychophysical 
modification and deceleration phases were improved. Establishing a new factor to 
the CA model, to take the leader car speed into account resulted in considerable 
improvement. In conclusion, this part of the research modified five different CF 
models and established a unique outline for safety adapted CF Models. These new 
modified models could be used to study safety measures more realistically that their 
original models.  
To validate the adapted models, which were able to simulate unsafe actions 
(short TTCs), simulations in aggregate level were used. However, the short 
headways did not improve notably and need extra research. The modified models can 
potentially assess near rear-end crash events. Overall, this part of the research can 
help to proactively estimate safety, by means of microscopic simulation models.  
6.2.4 Space Based Model 
 
Despite the modifications that have been introduced in previous chapters, 
which have improved the CF models TTC and short headways frequency 
reproduction, more complexities and more computation costs are caused. In addition, 
the parameter changes, in some instances, affect the performance of the models in 
reproduction of other measures. Changing the nature of the original models may 
interfere with the original purpose of the models. On the other hand, one of the other 
purposes of this thesis was to reflect on the effect of the implementation of MMS on 
the safety metrics extracted from the simulation models. Therefore, a novel CF 
model based on fish school models and personal spaces called the Space Based 
Model (SBM), was proposed and found to have the most superior results in terms of 
the reproduction of safety metrics. To ensure the accuracy and reliability of the 
proposed CF model, the fundamental traffic diagrams regarding speed-volume and 
speed-density were successfully reproduced. The SBM was particularly designed to 
make microscopic simulation able to evaluate safety impacts after application of an 
intelligent transportation system such as VSL or Ramp metering. The model is fairly 
simple; it allows the modeller to track the effects of any calibration on the CF 
parameter. The SBM is easy to calibrate for safety metrics because of its simple 
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structure. Since SBM divides the driving phases into three, it is comparatively easy 
to conduct a more focussed calibration. 
Aimsun microscopic software was used as the platform for testing queue 
protection in a simulated VSL system. A before and after study using the simulation 
model showed that the headway and TTC distribution from the Gipps model was not 
sensitive to the application of the VSL, while the proposed SBM made the simulation 
model sensitive to the application of the VSL. Headway distribution and TTC 
frequency became affected, just as in real life. While headway distribution within the 
Gipps model did not change, regardless of the imposed speed limit via a VSL 
system, the SBM was able to reflect the shift and changes in the headway distribution 
after imposing the speed limit from the VSL system. Future research can be done on 
the other ITS, such as ramp metering or lane management systems. Better field data 
from the ITS effect can help to improve the SBM robustness. 
6.3 LIMITATIONS 
The data that have been used included individual vehicle data and ‘average 
every three minutes’ data from embedded detectors in Brisbane motorways and 
vehicles trajectory from a motorway in the USA. Although the data sources provide 
detailed actions of drivers, however they do not have any insight into driver personal 
psychological characteristics. Therefore the psychological part of the data analysis is 
lacking. The data source for the MMS also was not available and some assumptions 
were made. Many factors and parameters can affect driver longitudinal driving 
behaviour, including other vehicles in the neighbour lines or second or third leader 
vehicles. Due to our data limitation we had to ignore such factors. 
In our investigation on the current microscopic models, we could not access 
some of models which are not publicly available. Some of the commercialised 
models and the modifications that they are applying to their model are not publicly 
available. Therefore, it was not possible to access all the models. 
6.4 RECOMMENDATION FOR FUTURE RESEARCH 
This research focused on the car following models’ accuracy for safety 
evaluation of the MMS. There are a vast area for further studies that still needs to be 
investigated. The most significant areas for further research are as below: 
  
• A similar study to this PhD thesis with a focus on the other behavioural 
models such as lane changing would be valuable. 
• Out of all the MMS, the tests in particular have been done on VSL. Like 
research can be conducted on the other applications of MMS, such as 
Ramp Metering. 
• Apart from the real nature of the CF models, an additional concern for 
traffic safety is driver errors. These consist of errors in perception, 
judgment, distraction and delay in reaction time. Errors in real data have a 
stochastic nature. Any research that can model human errors would be 
significantly valuable. 
• Another interesting research work would be to understand the spatial 
navigation system of the human brain for driving. That could lead to a 
breakthrough in the knowledge of driver modelling. 
• Finding an equivalent macroscopic model for the SBM car following 
model can add to the strengths of the model and highlight the model’s 
different perspectives. 
• Having access to crash data, such as the vehicle’s motion trajectories can 
be a useful source for modelling crashes. 
• The SBM can be examined for its ability to model driver fuel consumption 
or emission production. 
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